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ABSTRACT

Alrcrait fatigue strength design and analysis concepts were 1nvestigated

......

lll urc aicas or lul.lgul: lite atier raciurs and llll.lyl"‘: .'u.r!:ngul ucslgn-
aralysis charts.

A fatigue scatter factor is defined as the ratio of the mean 1ife to the
11.e for a specified probability of failure and confidence level. For design
purposes, operational life scatter factors are defined in terms of the joint
probability distribution of the applied lozds spectra variation in a fleet of
sircraft and the basic fatigue life scatter represented by fatigue test data.
Basic fati.ue 1ife scatter properties for aluminum alloy materials and struc-
tures were s*atistically derived from a fatigue test data survey of over 6,000
specimens. 1i.> basic scatter derived frequency and probability distributions
greatly deviate from the log Normal distribution beyond u ¢ 5. Several joint
probability distridution mode’s 11lustrate the procedure of calculating oper-
ational life scatter factors. An actual aircraft service failure history is
accurately predicted Ly ths joint probability distribution concept.

A procedure tor the development of fatigue strength design-analysis
charts is outlined and 11lus*rated by several examples. The charts, in tha
forwm of damage rate curves, arc defined by generalized loads spectra parameters
and the fatigue quality of the structural element.

This abstract is subject o special export controls and each transmittal
to foreign governments or fureign nationals may be wade only with prior
;ggro:g}agf the Air Force Flight Dynamics Laboratory (FCTR), W.P.A.F.B.,
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SECTION I

IHTRODUCTION

s g P s By i N

The practical rather than purely statistical and probabalistic aspects
of fatigue life scaiter of aircraft structures concerns the design engineer
and the fatigue analyst. The simple and direct, even though only approximate,
fati ue strenith check methads interests the dasign engineer when he 1s con-
fronted with preliminary design problems, or the fatigue analyst when quick
approximate 11fe estimates must be obtained. This report, Part ! of two parts
of the subject fatigue study of aircraft structures, presents discussions,
arguments, recommendations, and supporting data of the fatigue life scatter
and general approaches in the development of fatigue strength design charts.
Part Il of the report presents a complete description of 2 fatigue life
analysis computer piogram in the form of a user . manual.
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Any discussion of analytical fatigue 1ife prediction must firstly note
that fatigue 1ife {s a random variable and although absolute extremes of '

¢ performance levels may not be readily resolved, there is a reasonable expec-
i tation of assigning some degree of reliability to 1ife prediction. Secondly,
¢ the meaning of the term 'fatigue life' must be clearly defined. Fatigue of
materials and, in turn, of structures is a form of progressive failure caused
§ by the repeated application of cyclic lcads. Thea failure process can be

: divided into three basic stages:

E 1. Sub-microscopic intergranular deformation

- 2. App=arance of a visible crack

; 3. Crack propagation

A complete final failure of a structural element can occur during any of
these progressive failure stages and 1t will always be a static failure when
an applied load exceeds the design ultimate strength o. the element during
the first stage, or the residual strength during the second and third stages,
This concept 1s qualitatively 11lustraced in Figure 1. The structure may
represent a single load path element or a complex redundant structure, such
as the wing. Regardless of the type of structural element the objective of
fatigue strength desion criteria shouid be the design of structures for a
specified operationz. 1ife requirement associated with a realistic minimum
probability cf fatigue crack initiation. Thus, fatigue strength life defines
the time interval during which the prohability of initiating a crack is a
specified Tow value. After crack initiation and reduction of the ultimate
strength capability of th: structural element, the probiem becomes a function
of the fail-safe design criteria where the probability of the final failure
becomes a function of the joint probability of encountering a load which
excreds the residual strength of the structural element. With crack propaga-
tion the residus] strength decreases and the probability of cosplete failure
increases. The 1i{fe interval from crack initiation to the time when residual
strength reaches the design or 80% limit load level, depending on the fafil~
safe design criteria, is no more the problem of fatigue strength but of crack
propagation rates and redundancy of the structure. Therefore, {f the fatigue
strength design objectives of any structurai element wera t, design for a
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safe-1ife during which the probabil'ty of crack inftiation wa. a statistically
and realfstically acceptable low vaiue. then. alan. tha nrohahility nd comotoic
faiiure auring the required lifetime would be greatly minigized.

The ahnua fatinua etwamath dosion criteria cuncepis are appiied t3 the

development of fatigue Jife scatter factors presented in Section 11 and the
Appendix. Scatter factors, with respect to the mean life, are directl

related to probabilities of feilur: and confidence levels. Saction Il

presents an approach for a possible development of generalized fatigue strenqth
design charts fn the form of fatique damage rate curves as a function of the
applied loads specirum parame.ers and the fatigue strength quality of the
structural element.
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SEC: ION II
FATIGUE LYFE SCATTER FACTORS

Fatioua Tifa af aircraft ctructuree ic a ztatictioal value and concenusntly
must be evaluated in this context. An estimate of fatigue 1ife must be always
sssociated with a probability and confidence of attaining it, {.e., the relia-
Dility &t the specitied iiTe.

Fatigue 1ife variation of aircraft structures, as represented by a group
of aircraft, supposedly identically designed and manufactured to perform a
specifiad envel of missions, is a function of two principal variables. In
general terms, wo variables are:

1. The spplied loads and the envirumment in which the aircraft operate.

2. The structural fatigue strength response under identical loading
and environmental conditions.

In the case of fatigue analysis and design of aircraft structures for
specified 1ife requirsments, the two variables must be considered jointly.
It should be noted that in the amalytical calculation of fatigue lives, the
inaccuracies of analysis methods, or more praperly, of the cumilative damage
theories used, should not be considered as a contributing factor in the
statistical evaluation of the predicted 1ife. The 1ife prediction cumulative
demage criteria is a problem in itself and must be treated independently from
the statistical evaluation of the actual fatigue 1ife scatter. This study is
concerned only with the statistical aspects of fatigue 1ife scatter apart from
the inaccuracies of fatigue 1ife prediction methods. The problem delves only
w:th the question of what is the fatigue life scatter magnitude and distribu-
tion.

Of the two principal variables contributing to the scatter of fatigue
1ives, the structural response can be studied independently of the other
variable in the form of laboratory fatigue test results. This is true,
because test samples can be composed of identical specimens tested under the
same loading and environmental conditions. The 1ife scatter exhihited by the
laboratory test specimens is to be defined as the "basic Tatigue 1ife scatter®
and it reflects the effect of material and manufacturing tolerance variables
on life scatter.

Life deviation from the mean value {s often defined in tarms of “"scatter
factors®, "fatigue safety factors", etc., otc. The name is rot important.
However, the metning and magnitude of these factors is too often ciouded by
the divergance of individual interpretations commonly dictated by the objective
of attaining a preselected result. Thus, an examination of the actual meaning
and application of the fatigue 1ife scatter factors in the fatigue analysis
and design of afrcraft structures is in order. First, let us define the
fatigue 11fe scatter (or safety) factor, in the most general form, as,

-y
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SFIS = N/N, (1)
L1 - [d

where, N_ = Mean Life; subscript c vefers to the confidence level.

-

= Life associeted with & probability of faiiure, p, or a
reliability level, R, where R= 1 - p.

Life, N, may represent load cycles, time-flight hours, or any other applicable
measure of 1ifa. Fetigue life is defined as the time roaquired to initiate a
crick which would tend to reduce the ultimate static strength cspability of
the structural element in its virgin condition. This concept of fatigue life
is discussed mere fully in Section 1, Introduction. Therefore, design of
aircraft structures for specified life requirements implies a design with a
minimum probabiliity of crack initiation in the specified Jifetime.

There are thre2 basic parareters which must be known in order to define
the fatigue 1ife scatter statistical model: mean life, standard deviation,
and the frequency or probability distribution. The variable in question, life
X, 1s generally transformed to logigN in the calculatfon of these parameters,
where, for a givern sample of sfze n, the sample mean and standard deviatfon
are calculated es,

log N‘ = Arithmetic mean of log lives

= (£ log uJ)/n.J-I;z. cee N (2)
i1 » gmtﬁc mean 14fe

=Ny Ny x L x NP (3)

» Antilog (Tog K,) | @

S, = Standard deviation of log lives
= £x (log W, - Tog N)%/(n - )T (5)

Genarally, the Hormal-Gaussian frequency distribution with the 11fe log trans-
formation is used to approximate the fatigue life scatter, where the frequency-
density distridbution is,

~[(log Ny l0]?/2

f (Yog N,) = (1/0V)e (6)

where o and Tog N are population parameters. However, because of the dfffer-
ances between the Novmal and fatigue 1ife scatter distribution in the extreme
value ranges, @ mumber of other frequency distributions have been proposad Tor
the statistical ann{sis of fatigue test data, such as the Neibull distribution
function, Referenca 1, and -the “extreme value” distribution used by Freudenthal
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and Guwbel, Reference Z. One result of this study is che derivation of an
empirical frequency distribution expression for uhe hasic fatigue 11fe scatter
of aluminum alloys brsed on a large collection of fatiju~ test data, as
described in the Appendix.

In a1l subsecuent discussions, reference to the Normal distribution or
etandswd deviation will Inply the 10§ Wovinal distribuiion end ihe Tog standarg
deviation. Also, N, as calculated by equation (3) or (8) will be simply referred
to as the mean life znd, unless otherwise noted, wiil imply the median 1ife,

1. Fatigue Life Basic Scatter

If a fatigue tes;R\s‘perfonned on a number of ‘identical’ specimen,
loaded by 'identical’ cyclis load time histories in a constant environment,
he resulting lives, whether they are defined by the time to crack initiation
or final failure, will not be 'identical’', they will exhibit a certain anount
of scatter. The scatter is due to the fact that neither the specimens nor
the loadings are truly ‘'{dentical'. Allowing the freedom of saying that the
loading is '{dentical’ for all practical purposes, the scatter becomes a
function of the detail diversities of the specimen: variation of the material
properties and manufacturing tolerances on the macro and micro levels. The
existence of these variations is real and the resulting basic scatter in the
fatigue lives of materials and structures is inescapable.

In order to define the typical fatigue life basic scatter of aluminum
alloy materials and structures, a survey was mac‘e of 1,180 fatigue test
sampies representing 65,659 specimens. The description of the test data and
the results of the survey are presented in the Appendix. The objectives of
the test data survey were to check the validity of the Normal frequency dis-
tribution as it applies to the basic fatigue 1ife scatter and to define
representative standsrd deviation values for aluminum alloys. The results of
the survey were:

1. The Normal distribution is not an accurate representation of the
fatigue 1{fe basic scatter, in particular for lives beyond :2¢ from the mean,
see Figures 21 to 3] in the Appendix, where o is the population standard
deviation. On the basis of the test data surveyed, th¢ following expressions
were derived as representative of fatigue life basic scatter,

Crequency Distribution:

-d, |x -d, {% -d, IX
f(x) = C;e ! I + Cye 2 I +Cye 3 | | (7
where,
x = (log N - log N) /o
o= [£(log N - Tog N)zl(n-l)lh
and,

(- ) = f(x)

e ———— B .
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Comulativ. Probebility Distribution:

-dy |2 -d, |x -d. | Xj
I,".'A,ez’l* -‘I

F(-x) = A]e A3e : , X<U (8)

and,

where A, C, and d are constants, a function of o, with a recommended upper
1imit of o = 0.75:

Al'1.587\/5 d]'l.3+0.85\/7
AZ = 0.015 d, = 0.28 + 0.44v0

and,
Gy = Aydye € = Mody, Gy = Rydy

The differences between the Normal and the derived distributfons are clearly
$1iustrated by Figures 32 and 33 in the Appendi . Table 1 presents probability
of failure values of the derived distribution for selected o values. If it is
assumed that the basic fatigue scatter has a universal distribution, then,

ations (7) snd (8), based on aluminum alloys test data, cam be alse con-
sidered to be applicable to other materials,

2. Under constant amplitude loading the standard deviation varies as a
function of 1ife and specimen type, see Figure 38 in the Appendix. These
standard deviation values are rocommended for use as representative population
standard deviations in the statistical evaluation of fatigue test S-N data.

3. Under spectrum loading, a population standard devhtion of 0.14 is
recoamended for ase fn the statistical evaluation of the basic life scatter
of notched specimen and structures.

1f, for the moment, the population true mean life, N, and the standard
deviation, o, are assumed to be known, basic fatigue life scatter factors with
respect to the msan life, for a specified probahility of failure, p, can be
calculated as,

SF|p = W/ £9)

p

lp = Life correrponding to @ specified probability of faflure,

e e
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where the relationship between N and “rip is,

— - v——

?ugiip"'logu-mpo,iipt-ri- o

. Ml e o aheadrind Davidobd o Fewm bha meaan Saa
- - = NNURET U DLGTIINETIY VUKT IGLIYIIS FT WU LG 1aGLWH rwr W

P specifi.d cumlative probability of fatlure.
and the scatter factor can be calculated as a function of np and o,
-Yq N~ -
log Np og N mpo

log N - log llp - "p"

Togq (i/ﬂip) - llpo

SFl, = (R/N)) = Antilog (ma), Ny <R ()

= (Hp/N) = Antilog (ulpc). Np >N ) |

Figure 2 presents the basic fatigue 1ife scatter factors with respect to
the mean 1ife, as calculated by equation (11), for the Normal and the test
data, equation (8) probability distributions for selected values of a.

The relatively large differences between the Norwal and test data distribu-
tion scatter factors as well as the high scatter factors of the test data
distribution at Tow probabilities of fatlure must be—viewed in the 1ight of
relatively large samples of data, in effect, theoretically, of sampie sizes
approaching 1afinity. _

1.1 Hean Life Estimation. If a number of tests are performed on
‘ .dentfcai™ specTmen under "identical' loadings, the resulting test data
soaple of size n provides information for the estimation of the intervals
or regions which, with a certain confidence level, can be expected to contain
the true population parameters of interest: mean life, N, and standard
deviation, o. The interval decreases with increase in sample size and
decrease in confidence level. As pointed out in References | and ‘6, for
sny reasonable estimate of the population parameters, sampie sizes of at
least n = 3 or 4 and n = 10 are needed for the estimation of N and o,
respectively. The coricept of a confideace interval is often stated as:
“For a given confidence level, ¢, the probability that the true population
parameter lias within the interval so calculated, is c." In other words,
if the intervals with confidence level, ¢, were calculated for a Ta
iumber of samples which came from the same population, the trve population
parameter would be included i1 ‘c’ per cent of these intervals.

. For the population which is normally distributed, the population
mean confidence intarval or region can be calculated from the sample deta in
a mwber of different ways which, unfortunately, give the same number of
different results. Before listing several of these expressions, 1t should be
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noted that in the fatfgue 1ife cal:-ulations and predictions the mailn interast
Jies in the Tives shorter than the mean and associated Yow probabil{ties of
failure, Consequently, there is no rezson to consider the confidence on an
interval, but rather, the confidence on the minimum value of the interval. In
the follou!ng discussion. the notation for confidence. . wi¥l imnly the
singular cenfidence limit, where the relationship between the confidence
interval level, y, and ¢, s

ce(1+v)/2 (12)
where, c and Y are preportions, 0 < (¢, y) < 1. The most generally used
expression for the calculation of the confidence intervel minimum mean 1ife
{s, per Refe,ence 1,

Tog N, = Tog N, - t_ (S,/\h) (13)

where,

]
|}

sample size

Tog N‘l

sample mean

(z ]og NJ)/". J = 1. 2. 3 exe “
51 = sample standard ceviation

- [(r (10g Ny - Tog W)Y /(n - 1]

te Student's t distribution t value for (n - 1)
degrees of freedom and confidence c, Ref. 1,
Table 29. (InRef. 1, ¢ = 82)

Another expression, based on the concept of confidence region, and a Joint
estimate of the population mean and standard deviation, as defined in
Reference 7, can be written as, _

Tog N, = rwpmammuNWJ ()

where,

m_ = Number of 3tandard deviations from mean corresponding
to (1-c;) cumulative probability of failure, le 1n

Figure 32.
cy " Mean iife confidence Iéve?

b

(‘ ’df)cz . (x Idf values, Ref 1, Table 30, correspond1ng to
_degrees of freedom for 100 (V- cz) percentlle‘h
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L; = = 334t prohaniiity o7 LbeVean and standara i ,*
B E deviation confidence levels. ! o
£ H ‘ : -,
o t A tnird eypression, based on a kpows pepa!a!gcn standard deviation, o, 5??
- : can be written as,
: i log N_ = Tog Ny - m o/ (15) |
; vhere, ’
? m_ = Number of standard deviatiorns from mean corresponding )
M € to (1 - c) cumulative probability of fetlure; |x| in | i
. Figure 32. ‘ .
é ; This expression is based on the fact that if random samples are chosen
of- : from & Normal population, then the quantity
! (Tog N, - Tog N)/(o/\m) .
E’ is Normally distributed with zer mean and a standard deviation of unity,
" As an fllustration of th. mean life estimation by the three expressions,
equations (13), (14) and (15), two typical aluminum alloy constant
amplitude loading fatigue test samples are chosen:
_ Sample 1 Sample 2
E " Ref 7 35 !
:; ; Speciren Notched Sheet, K, = 4 Riveted Lap Joint
t . !
E : n _ 13 3
¥
i Tog W, 5.05 4.927 ' ,
' { N 112,000 84,500 .
b .
E i S1 0.335 0.091 . |
g i
.3 o Calculation of the expected population minfmun iife for the confidence level E
4. 2 c» 0.95 gives e folluwing results for the first sample: . l
? % €g. (13), Studeni's t distribution, . ey S
i ; © Tog N, = 5.05 - 1.78 (0.335/JT3) = 5.05 - 0,165 = 4.885 : !
L . " ; 3
1 % N, = 76,700 cycles ;
b
@ { " |
:




Eq. (14), Confidence region, joint probabilit- confidence,
C=CyXCy= 0.975 x 0.975 = 0.95

log Nc = 5,05 - (1.96 x 0.335)/[(va§) Vv(0.367)] = 5.05 - 0.301 = 4.749
i¢ = 56,100 cycles

Use of Eq. (15) requires the knowledge of the population standard deviation,
o. If the o values calculated from very large samoles of test data, such as
those presented by Figures 34 and 35 in the Appendix, can be assumed to be
representative true population values, then the mean 1ife estimates by

Eq. (15) become,

o = 0.35, Ref. Fig. 34, based on notched specimen data for
N; = 112,000 cycles

0q "c 5.05 - 1.65 (0.35)/V13 = 5,05 -~ 0.16 = 4.8%
77,600 cycles

b

=|
)
]

0;29, Ref..Fig. 38, based on combined unnotched and notched
specimen data for ﬂi = 112,000 cycles

Tog N o = 5.05 - 1.65 (0.29)/ V13 = 5.05 - 0.133 = 4,917
ﬂc = 82,600 cycles

or if, o

-—b

Ll

Similarly, for the second sample, population mean life estimates for
c = 0,95, by the three expressions are:

Eq. (13), Student's t distribution, ﬁc = 59,400 cycles.
£q. (14), Confidence region, joint probability confidence, ﬁc = 19,000 cycles.

Eq. (15), Population standard deviation known (o = 0.14 for structural compo-
nents at N, = 84,500 cycles. Ref. Figure 38), N, = 62,200 cycles

If we tabulate the results of the two samples,

Sample 1 Sample 2

f

oo 13 3
33 0.335 0.091
Ni 112,000 84,500
Eq. | o N, (N,/N.) o N, (N/N,)
13 76,700 1.46 59,400 1.42
14 56,100 2.00 19,000 4.45
15 0.35 77,600 1.44 0.14 62,200 1.36
15 .29 82,600 1.36 l
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and define (iilﬁc) = SF|€ as the scatter factor for the population mean life

estimation with respect to sample mean with confidence c, we observe that
equations (13) and (15) define approximately the same population mean life
estimates whereas equation (14) gives a rather conservative estimate. Of the
three cxpressions, equations (13), (14) and (15), the strongest estimator is
equation (15), provided the population standard deviation, o, is known. £qua-
tion (14) 1s a weak and conservative estimator based on confidence interval
estimates of the population minimum mean and maximum standard deviation values.
Consequently, when the population standard deviation is known, such as the
values presented for aluminum alloys in the Appendix, use of equation {15) is
recommended for population mean life estimates. Use of equation (15) with the
derived basic scatter distribution, equation (8), m_ = |x| values, is also

recommended. One other advantage of equation (15) is that mathematically the
mean 1ife estimate can be obtained from a sample size n = 1. When ¢ is not
known, then equation (13) should be used for mean life estimation. This pro-
cedure of estimating the population mean life for a specified confidence level
s recomrended for the estzblishment of the median life S-N curves used for
cumulative damage calculation and life prediction. When a structural element
1ife is predicted analytically using the linear cumulative damage rule, the
predicted 1ife, corresponding_to damage of 1.0, can be most correctly taken
to reoresent the median life Nc with the confidence level ¢ of the S-N data.

1.2 Scatter Factors with Resgect to Sample Mean Life. Given a sample

of size n and the sample mean lifegﬁﬂ;, and standard deviation, 51’ as calcu-

lated by equations (4) and (5), the life Ncp’ corresponding to the probability

of failure, p, and confidence level, c, can be calculated in a number of

different ways, similar to the estimation of the population mean 1ife. Again,
for comparison, three different expressions are presented for the calculation
of Ncp, assuming that the sample comes from a Normally distributed population.

1. Based on the non-central t distribution, Table 33 in Reference 1,
presents ‘one-sided tolerance factor' k where,

k = f(n, p, c)

anc

log Ncp = ] Ni - kcp 51 (16)

where in Referencz 1, Table 33, p = percent survival and ¢ = vy.

2. Based on the concept of the confidence region and a joint
estimate of the ropulation mean and standard deviation, as defined in
Reference 7, »sing eguation (18) for the population mean life estimate and

e eeiationship of equation (10) with o = Si/(X?/df)t
2




log Ncp = log Nc" npo

= Tog Wy - [(me S (Erng ) - (m, S0

—

. — 2 (17) '
| - Tog Wy - 5/ 0cP7an) ] [ng AR) + m,]
where,

c=c¢ xc,and the other parameters as defined for
' equations (10) and (14).

3. If the population standard deviation is assumed to be known,
then, using equation (15) for the population mean estimate, and the relation-
ship of equation (10), ‘

log N = log Nc - mpo

log Ny - (mcc/Jh) - m

cp

= Tog N, - o[(m /ym) + mp] - (18)

The scatter factors with respect to the sample mean, baéed on equations
(169, (17), and (18) are,

SFIS = (Ny/M )

= Antilog (Sikcp) ' ‘ (19)
- hntilog [5,/0/dN) L im M) + m] (20)
= Antilog o [(m /Vn) + m ] (21)

Table 2 presents scatter factors, based on the test data samples used for the
rean life estimate illustration, as calculated by equations (19), (20) and
{21). Similar to the population mean life estimate expression, equation {14),
based on the confidence region concept, equation (20), based on the same
concept, is a weak and unrealistically conservative expression for the cal-
culation of basic fatique scatter factors with respect to the sample mean.
Equation (21) is the strongest and most general expression for the calcu-
lation of such scatter factors, provided, the population standard deviation,
g, 1s known. Therefore, when o is known, such as the values for aluminum

alluys presented in the Appendix, use of equation (21), together with the
derived basic scatter distribution, equation {8), properties for m. and N
values, is recommended for the calculation of the basic fatique scgtter
factors. Table 3 presents scatter factors calculated by equatiun (21), o =
0.14, for selacted values of n, ¢ and p. For comparison purposes, the scatter
fLotors wore celculated on the basis of the Novmal and test data devived,

1




equation (8), distributions. The difference between the two distributions is

clearly {1lustrated in Figure 3 for c = 0.95. The stz ~rd deviation of o =
0.14 is a representative population standard deviation value for aluminum
alloy notched specimen and structures under spectrum lcading, see Appendix.

2. Fatigue Life Scatter Under Operating Conditions

Fatigue 1ife scatter of a structural element in a fleet of aircraft, in
addition to the basic fatigue scatter, is also a function of the applied loads
and environment variation between individual aircraft. No two afrcraft experi-
ence 'identical’' loadings or environments. Thus, the probability of failure
of a structural element in a fieet of aircraft is a function ¢f two variables:

1. DBasic Fatigue Scetter - N
2. Appiied Loads - Eavironment Variation - L

Consecuently, the probability of failure of a structural element in & fleet
of aircraft at a specified 1ife N; is a joint probability distribution func-
tion of two dependent variables:
.l . | 22
p(Ng) = Ip(N,Ly) = T p(NjILy) x p(Ly) (22)
where, p(leLi) = probability of failure at Nj given L,

§

p(NJLi)/p(Li) (23)

basic fatigue scatter

p(Li) probability of occurrence of L

applied loads - environment variation.

Then the cumulative probability of faiiure at a specified life Nj, f.e., the
probability of faflure in the 1ife interval 0 < N =< Nj» is:

PN = % piny) (20

The concepts of a joint probability distribution and the calculation of
cperational 1ife scatter factors are {l1lustrated in Figure 4. Here, the
cincept is presented for the discrete case where the probability p(Ly)

represents the probability of experiencing load spectrum Li’ where Li may
represent an average load spectrum over a discrete interval ALi‘ and the
probabilities P(NJIL1)o p(NJLf) and p(N ) represert the probability of failure
over a discrete life interval ANj The calculavion of the operational life
scatter factors consists of five basic steps:

cf s tion of the applied loads spectrum probability distribution,

ofl.}. Ly 15 a measure of the spectrum magnitude,




2. Calculation of life prohability distribution for each Li spectrum,
P(leli)- The procedure consists of calculating the mean life, ﬁi. for each

specified applied loads spectrum, L, and then calculating the probability
distribution with respect to the mean, using an- acceptable basic fatigue
scatter distribution. Calculate the p(NjILi) values for each distribution
corresponding to the same Nj interval. _

3. Calculation of the joint probability distribution,
p("jl-.l) = p("jil'i) X P(L.')-

4. Calculation of the operational 1ife probability distribution,

5. Calculation of the operational life scatter factors,

7
=2
0

p = (Ne/Mp) (25)
weere, N_ = Mean operational life corresponding to zp(Nj) = .5

p = Probability of failure, corresponding to a specified
life NJ. from the cumulative probability distribution,

£p(N j)

¢ = Confidence level of the basic S-N datu used in the life
prediction in Step 2.

The cumulative probability distribution Ep(N;} can be obtained directly in

step 4 by calculating the conditional distributions P(leLi) in step 2 as
cumulative probabilities.

The unknown in this prcblem is the p(Nj) marginal distribution, given
the applied loads, p(L;), and the corresponding life, p(ﬂlei) distributions.

However, if it can be assumed that life prediction for a specified loads
spectrum, Li’ is possible and the basic fatigue 1ife scatter distribution is

t:oun, the veal unknown of the problem is the appiied loads distribution,
p(Li)' A truly statistical treatment of the applied loads spectra variation

among individual aircraft in a fleet of aircraft is almost nonexistent.

However, a vecent paper by Bouchard, Reference 3, indicates a growing interest
in the area of individual aircraft applied loads spectra, and it is_hoped

that in the future the appropriate agencies collecting operational loads

data will evaluate and present the data in terms of individual aircraft
experiences. From such data, it would be possible to constiut applied

loads probability distribution models for specified types of aircraft and
missions, or a mix of missions that a certain type of aircraft would be
expected to perform. A complete definition of the operational loads spectrum
should dnclude at least:

i imeyesental loads spectrum frequency and magnitude.

16
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It must be also noted, as an cbvious conclusion from the above disc ssion,
that for most aircraft end structural elements, 'flight hours' is not the
absolute measure of the fatigue 11fe. Life measure in terms of 'flight hou's'
must be always assoclated with the varfous applied loads spectrim parameters,
wileh 1 Easdiie deiine khe 1iTe of ine structural eiement.

For the purpose of {llustration, Figure 5 presenti a joini probability
distribution model based on the following assumptions:

1. Applied loads spectrum distribution, p(Ly) is Normal.

2. Conditfonal life distributions, p(lljll.i) are log Normal and have
the save log standard deviation, o (§|L)"

3. The me n 1ife lcq N, of p(N#‘Lg) distributions varies linearly with
.4, where Tog Nj4+) = log Ny - o§|_. is is a purely hypothetical assumption
and 1n(re\):rospect defines the magnitude of Ly values. In real problems,

Ny = Ff(Lij.

4. The p(Ly) and p(leL,) distributions were truncated at pi3.50.

Because of the assuuptions made in constructing the probability model of
Figure 5, the resul.ing joint distribution is a Bivariate Koroal Distriuution
and the warging) 11fe distribution, p{N) 1s a'2c Normsl. The subject of the
Bivariate Normal Distribution is discussed in Refarence 4 by Hoel. The
fmpartant gmpertias of the Bivariate Normal Distribution are: the mmginal,
conditional, . >d the joint distributions are Nomm&t?, all conditional distri-
butions have the same standard deviation, and the msan of the conditional
distributions varies linearly. All of these properties mst be =t {F the
sarginal 1ife distiibution p(N) 13 to be Normal. However, in most realistic
operational 1{ife probabiiity problems all properties of the Bivaiiate Normal
Distribution will no¢ be satisfied, principally, the nomlit{ of the g‘(:.)
distribution and the iineur variation of the mean of the p(Nil) distributions.
As statad earlfer, the marginal life distribution p(N) of Figure 5 is log
Normal and the resultine properties of the distribution and the nperational
11fe scatier facters can be calculated in the following manner:

). The scatter factors, SFIS - iclllp. cen be directly calculated frum
the marginal p(N) distribution, where

R_ = Margin? distribution mean 1ife associated with the confidence
Tevel, ¢, §t the bosic S-M data used in calculating the conditional Jistri-
bution mesn lives, N'.

N, = Mtilog [Teq N, - m(oyy, )] L (=)
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where, np » Nosbar of onlt <t2ndaru devistions from tha mean, N . corres-
ninding to the probabﬂity of failure p = Ip(Ng) in Figure 5.

- |1qg Nj - loq '4
T
snd, according to equation {11),

FIC » N = ’
Srl ("c/",,.‘ Antiliog (Inplom), N, < N

This s 2 gmeul exprassion for ¢, erationa) 1ife scatter factors hen the,
jotnt probability function 1s Bivariate Normal, It should be noted that
refers to the conditional distribution. p(N|L), stenderd deviation oy NjL
and not to the marginal 1ife distribution p(N "standard deviation ape.

2. The standard deviation, oy, of the p{N) distribution can be cal-

culaied ¥rom the general properties of the 3ivariate Norwal Distributior
as presented in Reference 4:

Q. = oull‘ ( 1- 92) ‘27:
where, o *oyfoyg o correlation coefficient (25)

u,‘L = Covariance of the i)int distribution

"I -y - pimy) (29)
W. Gy can be eg,sier calculated by the expressicr,
oy * (!{i"; on (L) /™ - - (90)
Ware, |

: I", v mr of oy from the mean, R ‘.orl\swding tops tp(uJ)
1n m nrginal Vife d ltﬂb«tim in Figure 5,
up = fumber of ¢ frem the mean of a Rormel Mur!buﬂon
corresponding to p * r.p(N,) This value can bc ohtaimd
. trem Figure 32 in the Appandix, L le

For the joiny digtritution oF Figure §, for p o tp(nj) a0, ws. % -w-z.s"
aw*‘“h"h 1.76,- ind thevefere, \
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Tiws, for the assumed p(L} distribution ard the resuiting ii variation, this
expr- «sion for o, is vi1id for any NIL vafua which is constant for all p(N|L)

dgisiripyiions. Uonse.uentiy, ine cperationail iire scatter Tactors in terms of
gy can be caicuiated as,

SFIT » (R /) < Ant log (i ley) . M <O (32)

= Antilog (1.43|m loy )

In the faticue tesi data survey, as presentcd in the Appendix, °N|L =0.14

was found tc be representative of the basic fatigue 11fe scatter of notched
specimen and structures under snectrum loadings; alsc a o =~ 0.20 was caiculated
for the test 1ife scatte- under spectrum Toadings of full-scale structures which
had experienced previous service loadings, and thus, the value of o ~ 0.20
reflects not only the ba: ic fatigue scatter, but also the variability of
arplied loads spectrum of individual aircraft. It is interesting to note that
fur the joint distribution of Figure S, for 2 value of °N|L = 0.14, oy " 1.43

(0.14) = 0.20. This apparent correlation of the two values with the test

data survey results can be considered to be cotncidental, since the joint
distribution was based on pu-ely hypothetical sisumptions. Nevertheless,

it indicates that the concept of the operational 1ife scatter as a function of
the joint probability distribution of the vasic fatigue scatter and applied
Toads varfation 1s a realistic aprroach for the establishment of operational
1ife scatter factors. The values of the scatter factors for ay ® .20 of a

Normal distribution can be cirectly read from the o = .20 curve of Figure 2.
I the Norme] conditional 1ife distribution, p(NjL), in Figure 5 1s

replaced by the basic fatigue scatter distribution derived from fatigue test
dats, equation (8), T .14, the resulting joint and marginal Hfe dis-

tributions are shom in Figure 6. The resulting operational life scatter
fictors from the two joint distridutions, Figures 5 and 6, oy, = .14 are

shown in Figure 9. The probsbilities of failure of the two distributions for
selectad scatter factors are:

SF = i/NP [ L Probability of Fatlure - %

Bivariate p(L) - Normal

Norwmal p{N|L) - Test Data, Eq. (8)
1.3 19.0 17.0
2.0 6.7 6.4
3.0 .83 1.2 (
4.0 13 46
5.0 ! 02 .25
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As a fingl 11lustration of the operational fatigque 1ife scatter juint
pro.abi ity distribution concept, a military trarspert afrc »7t service
tdaiiure history case was considered. In the course of fauigue analysis of
this afrersft, Reference 5, service records indicated that the wiilirstina
or the aircraft, as 1t affects fatigue 1ife, varied greatly for certain
groups of atrcraft. All afrcraft were divided inte five groups according
tn thair avarsas wtilivations and Floo MMoront 16685 spectia were verined
for the five groups. Table 4 presents a general description of the five
utilizations and the resulting predicted mean lives for the wing spar cap

element at a structural discontinuity. Figures 7 and 8 show the joint

probability and marginal life distributions based on the applied lcads
distribution, p(l.i). and the mean lives, “1' of Table 4. Both distributions

are based on oL * .14; however, Figure 7 1s based on p(N|L) Normal, while

Figure 8 p(N|L) distribution is the test data distribution, eguation (8).

The joint distributions are not shown for lives N > 30,000 flight hours

since the mein interest 1ies in 1ives shorter than the mean. The resulting
scatter factors of the two distributions are shown in Figure ©. The most
interesting aspect of these operational 1ife scatter distributions i5 thetr
comparison to the wing spar cap service failure history. UWhen the fleet of
approximately 395 aircraft were inspected for fatigue cracks in the wing spar
cap, 43 of the subject elements were found to contain cricks of varfous

leneths, At the tive of inspection, the fleet average flight time was
approximately 11,500 flight hours. Individual aircraft {1 ght tis~ ranged

from approximately 7,000 to 18,000 flight hours., Table 5 presents the flight
time history of the aircraft at inspection and the service and predicted fail-
ure distributions. A fairly good agreement exists between the predicted and
the actual total number of service failures: 39 predicted versus 44 actual
failures. The failure probability distributions, as shown in Figure 10 exkibit
good agreement between predicted and actual fatlures in view of the accuracy
of fatigue analysis life predicifon snd lack of detail information about
service failure crack lemgths. It is to be notad that the theoretical preba-
bility distributions predict visible crack initiation whereas numercus service
cracks had propagated beyond this stage. Thus, in view of the fact that a
aumber of service cracks must have initiated at an earlier time than they were
discovered during the particular fleet inspection, the probability distribution
of Figure 10, based on p(N|L) test data distribution, is considered to be &
valid representation of the fatigue crack initiation life distribution, Typi-
cal scatter factors and associated probabilities of fallure for this operational
iife di<tribution, see Figure 9, are:

SF = l/llp tp(NJ) -2
2.4 4.1
3.9 0.85
4.0 0.37

In conclusfon, it appears that the operational 1ife probability
distribution, based on the joint probability distribution of the basic
fatigue scatter and applied loads variations is a valid concept, and perhaps
the most promising concept in defining operutiona] (ife requirements for
fatigue analysis and design of aircraft structures. If an operational life
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joint probability distribution mode. can be constructed, as iflustrated hy
Figure 4, then all of the probability of failure informalion about 2 Fleet
of aircraft is <completely defined:

£p(N,) - cumulative probabiliiy of failure in a fleet of aircraft at
3 time K., 1.e., £p{N;) specifies the proportion of the flect

that can be expecte‘f! to initiate a fatigue crack in a structural
element under consideratior in the time interval, O < N = Nj.

}p(ﬂjlti) - cumulative probebility of failure at time NJ of an aircraft,

or & grovp of aircrait, given that the aircraft experience
the applled loads spectrum L;.

xp(ljl.i) - cumslative probability of failure at time N, n a fleet of
] afrcraft due to spectrum L, with the assoriated probability
P(Li)- \

\

PN )y PINyIL)s p(NL() - probabilities of failure, as defined above,
during the time interval Nj = AN,

zp(uj) = .50 Specifies the wedian operational life of the fleet,
f.e., 1t is expected that half of the structural
elements under consideration in a fleet of aircraft
would experience fatigue failures, crack Inftfation,
by the time the fleet reaches life N = llj.

It 1s extremely questionable whether a single joint distribution can be
derivad to represent the operational 1ife distribution of any fleet of air-
craft. The opevational 1ife distribution is a function of the applied loads
spectrum varfation within a fleet of aircraft, and this varifation is not
necessarily identical for all types of aircraft. It {s probabile that a study
of the applied loads spectrum variation of many types of aircraft would indi-
cate a standurdization of the p(L) distribution for ditferent types of air-
craft, and conimquently, standard p{lL) distridbutions could be used :m the
fatigue design and analysis of any fleet of alrcreft.

2.1 HMesn Operationz) Life. The concept of the mean, or more H»roperly,

~ the wedian, service operational life estiiate of a strrctural 2lement for &

fieet of aircraft is seif avident in the operetional life joint jrobabllity
distribution presentation in this section. The median life, "c" is the i

value which corresponds to tp(llj) = .50 in the marginal p(N)} distribution.

The confidence level corresponds te the confidence level of Lthe S-# data
used in calcuiating the mean lives, Hj. of the conditional er._p(nj]i.,}.

distributions. It 1s obvious that this does noi veflact the confidonce leval
assigied, if any, to the p(L,) distribution. Hoeaver, 1f & confidence lavel

is defined for the p(Ly) distribution, then the cperational medtan 1ifo
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conT acace ievei, Ly, wouig corvespond to the joint probabiiity of the two

]
: confidence vevels, CN X cNiL‘ It is Lo be noted that the median operational A
= Vile dees MUl necessarily CuTrespond L0 1€ mean Or average appiiea i0aas
spectrim. L. Thus, prediction of the ® “n 1ife on the basis of average utdli-

zation spectrum does nat necessarily x . that the predicted 1ife ic the ’
me lan or mean operational life. !

3. Operational Life S-aiter Factors and Flaet Size

In the preceding discussions of the basic und operational fatigue life
scatter, the frequency and probabilit. distributions were defined fcr popu-~
iations approaching infinity in sfze. Hur:ver, when dealing with aircraft
fleet sizes, the sizes sre finite and generally wili range from 50 to 1,000
aircraft. If a structura) element in & fle«t of size n was allowed to fail
in all aircraft and the time of each failure was noted, then, by arranging
the time to failure in increasing order, the failure distribution can be
plotted as

F(NJ) - sz/(nH) ' §=1,2,3...n (33) -3

The Vife of the first fzilure, i'e]. can be related to the mean 1ffe of
all failures, N, in the form of a scatter factor, SF!p = ﬁ/N]. where p = F(M‘)
from equation (33). Thus, 1f F(N,) distribution is compared with the popula-

tion probabiifity of faiiure distribution, then the theoretically caiculated
scatter factor, SF;p. for a probability of faflure p = F(N‘), would define

‘ the time to first Fatlure.

! It i5 obwious that for symmeirical aircraft structwres there are two

: identical structural elements per airplane. Thus for symmetrical structures,
the sample size which must be statistically evriuated is twice the flest size.
Consecuently, reference to a fleet of 31ze n {mplies the sample size of all
identital structural elements, where the word ‘{dentical’ means identicaily
designed and loaded elements. ‘

Table & presents scaiter factors for the time to first failure as calcu-
i lated for different fatigue 1ife discributions in this report and as caiculated
, by Freudenthal tn Refercnce 6 for niL " .14 and fleet sfze n = 20 to 1,090.

i The scatter (actors, as calculated in this report, sre shown for the Norwal

; and tast data derived distributions for hie basic fatigue scatter and opera-
tional 11fe joint distribution models. Jor comparison, scatter factors are
21so greunted for the basic fatigus scatter model based on an »stimate of the

: raan life with 955 confidence from test data sumpie of n = 3, iliere, ¥s in
[ i earlier comparisons of the Normal and test data derived distrisutions, the . .
SR Norwmal distribution, in genaral}, results in uncuiservative scatler factors for

the time to first fatlure. It {s interesting to wote that the sciticr factors 4
bassd or the dirived test data distribuiion uf this report and those of : .
Refer=nce 6, althuugh based on diffsrent distributions gnd bastc data, are ., Ny
similar, ﬂ;e first time to faflure s-att <y factors vary approximately from 2 E
to 3 or fleet sizes 20 < n < 100, SF = 2 %0 & for JUO < n < 200, and SF = 4 A
to 8 for 200 < pn .« 1000, : : : ‘
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Tice shailority hotwesn the scattor tagtars of table o baged on the boacdc
fatigue scatter mcdel of this report and those of Heferencz & are wned
SUrprising sir.oe poin vajues re based on sumewnai sindiar exivonas vaiue
distributions. However, the similarity of the joint distribution _catter
TACLUIs OT LII3 TeEpurit anu Luse ul RETEVENLE U COUTS DE ¥IEwed a3 Coindi-
dental, since the jeint distribution factors are a function of the applied
Inads spectrum distribution which can vary for different fleets of aircraft.
Therefore. the joint disiribution - -.ept appears to b the most realisiic
approach for the calculation of the first time to fallure scatter factors for

a given Fleet of aficraft.

4. Scatter Factors and Ylesign Life Requirements

The following procedure is recommended for the specification and verifica-
tion of fatigue life design requirements:

1. Specity the required 1ife, Ny, where, R = (1-p), is the desired
reliability and p is the probahility of failure at time NR

2. Define the expected fleet utilization in terms of missien profiles,

_ 3. By analysis and/or testing establish the fleet mean (or median) life
N for a desired confidence level, c,

4, Calculate the scatter factor SFIp for the specified probabiiity of
failure, p.

5. Calculate the 1ife, Np. corresponding to the specified rrobability
of failure, p, as: Np . ﬁ/(SF|p). When the life estimate is directly based

on the siructural element test results, where the test spectrum represents
the mean life environment, steps (3) and (4)_can be combined by calculating

Np directly from thc test sample mean 1ife, N,, in conjunction with

SF : - (ﬁilﬂcp)‘ Samples of these scatter factors are tabulated in Table 3.

6. Calculate the fatigue life margin of safety as,
"sFL . (NPINR) -1 (34)

7. A MSFL > 0 indicates that the design 1ife requirement has baen
satisfied. If MSFL > 0, the probability of failure at the requived 11fe is

less than the specified value and 1t corresponds to the probability of fatlure
assocfated with SF = (NINR). Rlso, subject to other streagth requirements,

2 MSFL > 0 indicates that structural weight can be reduced by increasing the

design stress of the structural element to 2 “evel which wouid result in
MS., =0
FL °
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8. A HSFL < 0 indicates that the design life requirement has not been

fulfilled. The structural element must be redesigned by improving its fatigue
quality and/or by reduction of the design stress level.

In the above outline of the fatigue life design criteria the aspect of
the desired reliability for the specified design life requires further clari-
fication and discussion. Two approaches can be taken in specifying the desired
reliability. One is the concept of fleet size and the time to first failure.
The other approach is to specify a general reliability level regardless of the
fleet size. Since scatter factors are directly related to the reliability,
or more properly, probability of failure, p, the difference between the two
approaches can be illustrated by looking at the scatter factors for the time
to first failure from Table 6:

Fleet Size p~ % SF
n 100/(n+1) P
20 4.76 1.90
50 1.96 2.40
100 .99 2.85
200 .5 3.60
‘ 1000 . 7.70

It is seen that if the time to first failure concept is used in specifying
the design life reliability requirements, a relatively high probability of
failure is accepted for cmall fleet sizes, whereas, for large fleet sizes the
scatter factors become high and result .in extremely Torng mean life require-
ments. For example, for a sample size of 100 the time to first failure cor-
responds to life (N/2.85) and for sample of 1,000 the time to first failure
corresponds to 1ife (N/7.7). If the required life was specified to be NR =

20,000 light hours, then the design for a sample of 100 would require a mean
fite « = 30,000 x 2.85 = 85,500 fiight hours and for sample of 1000, N =
30,000 x 7.7 = 231,000 flight hours. Thus, using this approach, the require-
ments vary greatly as a function of the fleet size. However, fleet sizes as
defined in the design stages often, at a later date, change and increase.
Thus, rigid adherence to this rule will not alvays be possible or practical.
Consequently, the designer would tend to reduce the probability of failure for
the required life below the level of the first time to failure on the basis of
design stage fleet size estimate. Of course, this leads toward the other
approach of specifying a generally acceptable reliability level regardless of
fleet size. In conclusion, it appears that the procuring agency should
specify a general reliability level on the basis of aircraft type and its
cperational requirements. In conjunction with an increase in inspection
frequency after the time to first failure, a probability of failure, p, from
-2 Lo Z.00 with a S0 or 95% confidence on the mean 1ife estimate appears to

a
i
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Guirctenis. The watter ‘acm‘... with respect to the mean 1ifa for this
range of probatilities of fiilure vary frum aprroximately 2.5 to 5.5, see
Tabte 6 and Figures 3 and 9. Ir the past the scatter faciors most cmly
used have been 2, 3, and 4. It is interesting to note the probabiiities of
failu~e assoclated with these factors as determined in this study and

§ Refrrence 6. Foroy) 14 snd test data derived basic scatcer <distribution.
z the probabilities o, hﬂure are:
: T
~—
SF = 2 : 3 4
B > Basic Scatter,
n=e; g 2 2.2 .55 .48
| ¥ Bastc Scattar,
n=3, ¢~ 95 Fig. 3 7.8 1.42 55
. f Joi;t Distriw:twi'on,.
¥ : n«e«; Fig, 9
' ) Hypothetical 6.5 1.2 .46
s Trenspert 4.1 .85 37
i fef. 6, n* = 7.0 1.4 .5
; ' -
: Far gmeral purposes it may b= stated that operationc‘ 11fe scatter factors
; of Z, 3, and 4 correspond to approximately 8.0, 1.0 and .5% prodebility of
, fatlure. :
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1
TABLE 1

7 FATIGUE LIFE PROBABILITIES CF FAILURE ]
s ~
B £ Probability of Failure - %
; X=Number of ¢ Based on Test Data - Equation (8) Norma!
from the Mean |o= | .05 .10 4 .20 | .50 .75 |Distrib: tion
S ~4.0 .06 | .035| .027| .021| .007| .004
v 7.0 .1 080 067 .053| .024 015

6.0 .16 .13 1 089 .043 .029

-£.0 .25 .20 .13 .15 .085 083
IS ~-4,0 .45 .38 .34 31 .20 .14 < .005
I'r'; -3.0 ].00 088 083 078 06] .5] 013
:5; '2.5 1.70 lo& 1047 ‘043 1.26 1-12 162
'E -2.0 3.09] 2.80 2.76 2.1 | 2. 2.62 2.3
!'3_.5 '105 5.” 6042 5-49 5.53 6'04 | 6»25 607
‘é "]-0 ]].B 1103 ]].2 I:lus ]3.5 1611 ‘5099
g il «5 240! 2305 23.6 |24-0 27.9 3]-‘ 30.9
g ] 50.0 |50.0 50.0 [50.0 (50.0 80.0 50.0
"" + .5 7509 76-5 76-‘ 7‘-0 72‘1 63.6 69;1
E 1.0 88.2 [89.7 |89.8 [89.5 |86.4 |83.9 84.1
2 1.8 94.1 [93.58 |9+.51 [94.47 [93.96 |93.75 $3.3
§ 2.0 96.91 [97.2 [97.24 197.29 [97.2y | 97.38 97.7
g 2.8 98.3 |98.48 98,53 [98.57 [98.74 | 98.88 99.38
B 3.0 99.0 |99.12 |99.17 .22 199.39 |99.49 99.87
4.0 99.55 199.62 |99.66 [92.69 {99.80 | 99.86 >99,9Y5
5.0 99.75 {99.80 |99.82 [96.85 199.215] 99.937
% 6.9 99.84 199.87 {99.89 [99.911/99.957 | 99.9N
N 7.0 99.89 {99.92 | 99.933 /99.947(§9.376 | 99.985
< 3.0 99.95 | 99.96% i%.973 9.972199.993 | 99.996

v e =




TaRiL 2

EXAMPLES OF BASIC FATIGUE SCATTEPR FATTORS F
WITH RESPECY TO THE TEST SAMPLE MoAN LIFE

. Sample 1: Sample 2:
T K, = 4, Edge-notch AY. Ailoy AY. Alloy Riveted Lap Joint _
: Specimen [
_n = J3 -n =3 t
i‘ii = 112,000 cycles l'd1 = 84,500 cycles t
8 = 0.33F S * 0.091
Ref. 7 Ref. 35
Constant Amplitude Loading
SF i: - (ﬂ,/ﬂcp) o ;
c= .9 . :
Sample 1 Sample 2__*
p=%) 5.0 1.0 0.1 5.0 1.0 - 0.
| Normal Distrib, 1 '
Eq. (19) 7.81 6.8 | 40 4,96 | 9.0 | 18.2
(20) G =Gy 975 |16.10 | 38.3 100 38.4 | 94.5 | 9%5
(21} o » 0,35 5.41 9.4 7.4 — -~ —_ -
= 0.29 £.05 6.4 10.6 — - 1 - g
e 0.14 - B - - 2.30 | 2.87 | 3.66
e - : ' -
Test Data Distrib.Eq.(8) _ : N
Eg. (21) v« 0.35 5.18 | 12.60 | 87 | — | — I - -
e 0.29 3.91 | 38.26 | 50 S R
8 - = 0.14 - - ~ 2.22 | 3.30 ;| 9.86

o vaiues taken fra N gy 34 im 38 .

1/




TABLE 3

FATIGUE LIFE BASIC SCATTER FACTORS WITH RLSPECT

TO THE TEST SAMPLE MEAN LIFE

a) Basic Fatfgue i.ife Scatter Distribution, £q. (8)
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|\ SFI : Eq. (21), 0 = .14, c = .95 f
- \ \ P Rel. Table 3 :
A .
\ \ Normal Dist. b, |
,\ \\ — e Derived Test Data Nstrib.
\\ Eq. (8) :
\
6 | W
Py '
\
- VA
s BRI WA
z R\
o o \
5 \l \ﬂ\ N
F ~— k LAY
§ 3 \ N~ R \\
S ~ N |
B \\ AN
\Nh\u ~ A .QPN i
2 h\: M 3=
MY 10
o ‘:[: @
1 i ; |
.1 1.0 10.0
L Probability of Fatlure - %

- FIGURE 3. COFPARISON OF BASIC SCATTER FACTORS WITH RESPCCT T0
T - SAMPLE MEAW BASED ON THE NORMAL AND DERIVED TEST
DATA DISTRIBUTIONS.
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Step 2. Lifae Distribu;:;irrms for Given Applied Loads Spectra Lo p(rlj!l.i)
L 5 -

3 p(N,!ga)ﬂ$(N2iL351v<ﬂaiL3) p(NIL3) [p(NgILy)
= A -
2p(My[L,) [N, L BUN, LY Tl IL,) [R{NgIE )
“12,4Hi1~ T . ,:‘\ 5__..J
VPN 1L) PNy PN BN 4 1L TG L)
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b ]

Step 3. Joint Probability Distributica, p(NjLi) = p(Mle,.‘) x piiyg)

3p(N1L3) p(N2L3) D(Naﬂ-:}) p(Na_LB) i::(N5L3) b

Z2{p(NqL,) [p(tinL,) n(ﬂ;,,l.z)'lp(ﬂ,,L?) p(N:L,)

]P(N1Ll) p("z’-;) P("3L]) FP(N4L1) P(NsL])
Ezg 1 ] 3 Z 5

» N

; Step 4. Operationai Life Distributton, p(Nj) = ;;: P("j"i)

f pilighf p(ﬁL1 R 1 p(Ng) PO 2(15) .

: 3 i 2 3 4 5

[

: Step 5. Cumulative Op.arationa] Life,_‘t’aﬂure Probability and Scatter Factors :.
. 1'0 P".— = |[
: XP{NJ) -'5 = e e ;
: n-'—-—w“g"/’ - N ‘:
; . (+ . N :
| SF| = (X /Hp) ' i
. p ¢
I L \\\K.___ - EP‘Nj) .'
i . .50

FIGURE 4;: THE CONCEPT OF JOINT PROBABI! ITY RISTRIBUTION ! I
AND urtnaiIONAL LTFE SUATTER FACTORS o
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FATSOHE DARAR: DATEC AND DETION CHAMK

aiigue analysiy of aircrafi structures s & cumplox and time consuming : i
JTULElT. RS TRLIGUS OMEQE CAICUIATION-17Te PraciCcTIoN COMDUTAYr Progras,
presented in Part XI of this report, Peferance 5, 1s an efficient sngineering
357 7o the sxecution of Gelall Jarge laic jaiiyue Enmiysis prubiams. ;
rowevar, aven the computsr program 13 sometimes 2 tedious procedure when quick i
i approximate 1ife predictions, such as in the early desien staces. mus? be ! !
- obtzined. This section presents one possibls appraosch and exswples for the % i
development of generai fatigue strengih desfgn-damage vate charts for rapid
estimation of structure! 7atigue lives. The computer prograk of Reference 8
15 sn extremely useful tool in the development of such charts and was utilized
throughout this study. Linear cumulative damage rule was uced for a1l damags
calculations. .

WP

[ L2zl ST

E 1. Generalized Loads Spectrum Formats

Afrciraft fatigue incremental loads spectra usually can Le representad in
the following equatfon forms:

Exponential Distribution,
- b
g =L Ny, eI g2, (35)
I 4% Ay = 0 .... ay'
or
Normal Distribution,

~ay 82442
tn, »E N, eI | ga.2,3.., {3) g -
j ‘ 1 { “ Ll 0 aens “. 3 ‘_.“:.

B

Pk where,

1 load factor, bending moment, loed, sires:, -
e called 'load' for geieia’ discusiton}. : =N

AY * incremen

- -
8
5
w5

theg

[-]
L)
&
o

i = o P 1 Y. -
ay' = largest Tncvemantal nad In

z:nj = frequency of occurrence of the incremental Tcads
Ay z Ay,;: cumulative cycles.
o

"o = frequency of occurrence of 21l loads A¥ > 03
cycles per time, distance, numbder of flights, etc.

be,o = spectrum madnitude parameter in units of ay.

The summation sfgn on the right side of equations (38) and (36) impiies that
&g many tarms a: are needed can Le uscd o define the spectrum accurstsly.
Description of graphical approximations of a given sqcctm by thess equations
1s presented 1n Part Il of this report, pages 171 to 14, Reference 8. :
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ez ocyelic igads ‘oo a spactrim with Ay variebls and ¥ constant can tane
terng i ffarent formc in terms of 8y and Y, depending whether ¥ i< the
constant Mmesn, maxinam or minimum spectrum load:

. r gvoLc | . T 1
H vy [ ¥ ain
LCAD nax win
*a (¥ x 2} Y (v +ay) (Y- A (37)
Yoax f({Y-%20y) £ %2 8y |V =2V, Y (Y - ay) (38)
¥oin Eﬁ-'ﬁ;aﬁ + % ay Vo= 2V, (Y + ay) Y (39)
where, Y, ™ mean load Y. = Jcad amplitude
- (Ymax * Youn) /2 * (Yoax = Ymin)/2
me = maximum load Yr = load range
Ymin = pinimum Joad - ZYG - Ymax - Ymin

Thus, a given spectrum, with one of the cyclic load parameters Y., Ymyy. OF
Yatn = ¥ = constant, can be compietely defined in tems of N,, b (or af.

ay', and Y by equations {25) %o (39).

2, Dsngge ilate Charis

_ rasigue c@eaga rate of a structural element is a function of the applied
toads spactrm and the eiemant fatigue strength quality. If an average K¢
value. the ewpiricsy fatigue stress concentration factor, can be considered

to Se 5 measuie of tho fatigue strength quaiity, and the applied loads spectrum
1s defined by the paramate~s dascribad in the precedin: parag-aph, then the
desage rate of one term of equation {35) or (36) can be compietely defined as,

(0/&,) v b {or aic 8Y's Yo Kf] (40)
and also & tunction of tha cyclic luads format, equations (37) to (39).

fo t1'astrate the development and to present samples of damage rate charts,
dumage véie Caiculaiions were perforped for a range of K¢ values as represented
by 7076-T6 aluminum bare sh S-4 data. The S5-N dats and the corrsspending
Kt valuss ware taken from Reference 9. A total of six X¢ values were con-
sicdared, rarging from 1.37 to 3.64. The corrasponding range of Kt valies i3
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from 1.5 to 5.0. The sfx S-N diagrams, as used in the damage rate calculations,
are presented by Figures 11, 12, and 13. The stresses are specimen net area
stresses. Figure 14 presents a family of damage rate curves for = 2,62 and
the spectrum and cyclic loads in the fomm of equations (35) and (37); the symbol
Y is replaced by S, for stress, psf. The damage rate curves encompass a range
of b, 4S' = §;,.and S = Sy values representative of typical aircraft fatigue
loads spectra. For a given material, a complete set of damage rate curves
weuld encompass a range of K¢ values representative of aircraft structure
fatigra quality as well as the other spectrum and cyclic leads fermats,
equations (36), (38), and (39). Samples of damage rate curves for 2 range

of K¢ values and the other spectrum and cyciic loads formats are shown in
Figures 15 and 16. Attempts to normalize a family of damage rate curves into

a single general graph were not successful. However, one other form of pre-
senting fatigue strength allowables under spectrum loading is illustrated by
Figure 17. For a given Kf, spectrum, and cyclic load format, the damage

rates, for one value of b or o, can be converted into a constant l1ife diagram

where the allowable 1ife, N., under spectrum loading is the inverse of the
‘damage rate D/N,. Figure ¥

presents the constant 1ife curves of the

K¢ = 2.62 damage rates shown in Figure 14 for b = 15,000 psi. The prime with
any cyclic load parameter indicates the value associated with the largest
incremental load, Ay' = 4S', in the spectrum.

Use of the damage rate charts may be best illustrated by several examples.
First, let us assume that the damage rates are based on statistically estab-
Tished S-N data where the S-N curves represent mean values with an associated
confidence level. Thus, the calculated 1ife under spectrum loading will be
the mean 1ife with the confidence level of the S-N data.

Example 1. For a structural element with fatigue quality of K¢ = 2.62,
find tha mzan V%2 1f the stress spectrum for 30,000 flight hours 1s repre-
sented by In = zN°1e'As/b1 » 1 =27,2 , and the cyclic loads are Sp t 45,
where:

i No1 by ~ psi Sm ﬂ'bsi AS' = S; ~ psi
1 104 7,500 10,000 20,000
2 3 x105 2,500 10,000 20,000

The damage rates for the two terms are obtained from Figure 14 and the total
damage for 30,000 flight hours is:

i D/(Ng = 10) D/No,

1 1.13 113

2 .069 .207
320

The predicted mean 1ife is (30,000/.32) = 93,800 fiight hours.




"

TR OWw

Taemwie 3. Gaking the problar of Evemnis 1, comzidar thar the 2icoreft
utiTization has changed in wuch 3 mansar that the stress cpactram for 30 000
TTight hours bLacomns:

] oy by - psi Sm ~ psi Sy ~ st

k] [o I % 7 RN Tl W B G

’ 2 r i i 343 ARG B g

& &0 X iU Z5 16,000 20,000

k) 4 x 103 7.500 15,000 25,000

Again, the damage vztes are cbtained from Figure 14 and the total Gamage Tor
30,000 flight hours is:

i D/{Ko = 10P) D/Moy
1 1.13 102
2 .069 .186
2 4.3 .172

)

The predicted mean 1ife 1s = 30,000/.46 = 65,200 flight hours.

The above examples, although for hypothetical spectra, fllustrate the
rapidity of predicting Fatigue lives from damage rate charts, such as those
of Figure 14. Of coursa, in real problems the spectrum parameters wiil not
always corraspond to the values of the damage rate curves presented and
a certaipn amount of crossplotting of the data will be necessary.

Severa! aspects of the damage rate concept which require further attentfion
are the fatigue quality estimation of the structural element and the availa-
bitity of statistically reliable S-N data and the validity of the linear dimage
~ule. At present, analytical methods ave not available to calculate the
fatique auality of a complex structural element, whether it is measured 1n
tovms of K¢ or Ke. The quality must be cstimated by testin? the element or
by vompariny to a similar element with & known fatigue quality.

3. Ground-Aly-Ground Cycle Damage Ratas

Mest aircraft structural elementz, due to the combination and soquance of
the envirommencal loadings during a flight, experience a significant cyclic
loading called ths ground-air-ground {GAG) cycle. Reference 10 presents &
detailed Aiscussion of the GAG cy ie concept. The GAG cycle is definad for
rach individual #1ight by the maximum and mintmum loads which occur during
that fitght, 1ncluding the ground loads. Fer a lerge number of Flights, the
GAG cycles will define a spectrum type loading because each flight, theoreti-
cally, will exparience & difierent GAS cycle. Such spectrum gemral]y will
not have a constadt wmoan, maxisum or minimm load. Censequently, domage vetes
for spectra which exhibit this property, such as those presented in this
section, are usually not applicable to the GAG cycle spactrum.
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5 iypicer cransport aiverari stvuctdaral eiement GAG cvele apectrim 15
shusn by Flogre The 71 45 2ogw Ehet natifies fhe dman, wucimm nel: pintogs
cyclic loaw 1s constant for the GAG cycle spectyus. The <amage rate of
thie eracrtwm ranmad ha da2fis22 Lo 0 poromuiers of cQUaATIoN (45). However,
the ground and flight loads specira can be individuzlly defined in this fom
by equations (35) and (37)n The fatioue dareage caliculation aonater L
Ui ReTerence 8 nas the capabllity of caloulating the GAG cycie spectium
damage vate, given ithe above definition of the ground and flight Tepds spectia
and the number of tiights (or landings), fgag- represeated by trs spactra.
Ihus.1symbolically. GAG cycle spectrum damige rate can be definad a. a

unction,

(D/fGAG) - f[("oabiby‘ 'Y)Ground' (No"b'Ay.‘v)F!'lght' fm‘i Kf] (43)

Tn develop a family of damage rate curves to encompass a completr watrix of
the above parameters would be almest an {nsurmountable task. Figure 19
presents samples of GAG cycle spectrum damage rates when all jarameters of
equation {41), except two, are held constant. The ground and flight Toads
spectra, over the GAG cycle spectrum loads range, are represanted by one
tem of equation (353).

On the basis of the GAG cycle spectrum damagec rate calculations in this
study, the following approximate and simple procedure for the estimation of
the GAG cycle spactrum damage rate is recomrended: calciiate the damage rate
corresponding tn the GAG cycle spectrum maximum and minimm loads which are
exceeded In 40 percent of the flights. Following this procadure, the danage
rate per 1,000 flights of the Figure 18 GAG cycle spectrum would be caliu-
lated as 1000/N, where, N. cycles to faflvre would be obtained from S-N
data for cyclic loading, Smayx = 15,100 and Sy, = -7,100. These stress values

in Figure 18 correspond to the GAG cycle spectrum loads at in = 4u0.

A common uncertainty exists sbout the nffect of the GAG cycles on
fatigue Yife of fighter type aircraft {(high design load factors, low 1.0g
stresses, maneuver loads critical) as compired to transport trpe afrcraft
{1ow design load factors, high 1.0g stresssy). This uncertainty probabiy
stems from the fact that very 11ttle testing hes been performed with realistic
meneuver plus GAG cycle loadings representative of fighter aircraft as com-
pered to gust plus BAG cyclu loadings representative of transpori aircraft,
see Tablaes 11 to 14, However, Reference 1§ contains fighter cype maneuver-
GAG cycie loading test data which indicates a simiiar detyimental affect of
the GAG cycles on fatigue 1ife as for transport type »ircraft. [ensequently,
the definition of the GAG cycles, as described in the preceding paragraphs,
i: Coresiovrad to he applicable to structural elewnts of all tyses of
afrcraft.

4. Design Charts
For all practical purposes, a compiete set of damage rate chavis, as
previously defined in this section, constitute a bssic and completely general

set of fatigue strength design charts. 3Such charts ave most usefvl in the
early design stage parametric studies when most of the design parameters have
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not been finalfzed. However, in the later stages of design when the aircraft
utilization and the applied loads spectra in terms of load factors can be
fimly established, the fatigue strength of the structural element becomes

a function of the fatigue quality of the element and the operational stress
levels. Figure 20 presents such design charts for the applied loads spectrum
of Figure 18 and the fatigue quality as defined for 7075-TS 2luminum sheet by
the S-N data, Figures 11 to 13. The design charts were developed with the
ald of the damage rates establ{shed for the above S-N data in this stucy.

The applfed loads spectrum, cer 1,000 flights, was defined in temms of load
factors in the following form: ‘

Ground Loads - Taxi:

tn = Noe'Ag/b , N, = 2.5 x 106 cycles
Ag' = .8, largest incremental load factor
b = .048

Load Cycle » 1 = aAg

Flight Loads - Maneuver and Gust:

= No 0901, i = 1 2
) NO‘ = 7.5 x 102 2 x 105
’ by = .224 .082
ag' = 2 2

Load Cycle = 1 ¢ Ag
GAG Cycle:

Smax = F(1 * 89)g1qqne = F(FIight LF = 1.51)

Spin ™ TO1 +ag) = f{Ground LF = 1,42)

ground
vthere load factors (LF) are taken from Figure 18 at In = 400.

A Tinear relationship was considersd botween load factors and stress, i.e.,

45 = S (Ag) and S = (1 ¢+ ag) S,. The ground and flight loads mean
stresses were reIaTgé’a§m§gG = -(SﬁFIZ).mThe stresses are net area values.

Figure 20 presents the fatigue strength allowables for any 7075-T6 aluminum
structural elament for the applied ioads spectrum »f Figure 18, The use of
such charts for design purposes may be best i1lustrated by an exampie:

Problem: Design a structural element, for the applied loads spectrum of
Figure 18, for a 1ife of 50,000 flights with p < 1% probability
of failure. The flight one g static strenath design net stress
is 19,000 psi. The average operating flight cne g stresses are
36% of the design values, 19,000(.8) = 15,000 psi.

sptutions Flrst, from Section II, consider a scatter factor of 3.0 for
n < 1%. Therefore, the element must be designed for a mean life

5)



of 50,000(3) = 150,000 flights. The life and static strength
requirements are satisfied by any combination of_Kf < 1.8 and

Smg < 15,000 psi as illustrated in Figure 20. The optimum design,
with respect to structural weight can be attained at SmF = 15,000
psi if the structural element fatigue quality is Kf < 1.8, where

K¢ = 1.8 correspond to Al = 150,000 and Spe = 15,000. If the
fatigue quality is K¢ > 1.8, then the critical strength design

condition is fatigue strength and the design one g stress will be
less than 15,000/.8~19,000. For example, if K¢ = 2, Spc =

13,500 and the design one g net stress becomes 13,500/.8 =17,000.
Similarly, for K¢ = 2.74, the design one g net stress is

10,000/.8 = 12,500.

5. Concluding Remarks

Development of fatigue strength design charts for a given loads spectrum
in terms of the fatique quality of the structural element, K¢, and design

1.0g stresses, as illustrated by Figure 20, ap?ears to be a ?ossible and
practical approach. Also, development of completely generalized fatique

damage rate charts, to encompass all loads spectrum parameters is possible
with the exception of the damage rates of the GAG cycle spectrum. GAG cycle
damage rates are a function of the composite loads spectrum and involve
separate loads spectra parameters. GAG cycle damage rate may be simply
approximated by considering the loads which are exceeded in 40% of the flights,
or, for more accurate damage rates, directly calculated from the composite
spect;um on the basis of the complete GAG cycle spectrum of highest and lowest
peak loads.

The 1inear cumulative damage theory has been used for fatigue life
prediction throughout this study. The accuracy of the linear damage rule is
often questioned. The most common arguments are: linear damage rule does
not account for the loads sequence nor stress interaction. To answer the
first argument, operational loads are random and their exact sequence is not
known. Thus, testing to an unorthodox sequence of loadings, not representa-
tive of s2rvice random loads, does not invalidate the use of linear damage
rule in aircraft fatigue 1ife prediction. However, because of the siress
interaction effects on fatigue 1ife, the true accuracy of the linear damage
ruie can be checked by testing to random loading spectra which reflect the
frequency and magnitude of operational loads. If the spectra were defined
in terms of generalized spectra parameters, the results of such tests can be
asresented and used in the manner described for the damage rate curves, or
directly, as spectrum loading S-N curves.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

Fatigue strength design criteria and analysis of aircraft structures

lnua‘u-- mans J‘oﬂ‘u‘lunr ndurunfs 1 1hdTdoanbdan and Tande anvdw. Y
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structura] response, detail stress analysis, fatigue damage accumulation,
statistical aspects of fatique cyclic loads and 1ife, and testing. This
study investigated the problems of fatigue 1ife scatter, specification of
fatique 1ife design requirements, and methods for the development of general
fatigue strength design charts.

Operational fatigue 1ife scatter is a function of the basic fatigue
life scatter, as exemplified by laboratory fatigue test results, and of the
variation of the operational applied loads spectra among individual aircrafi
in & fleet of aircraft. Consequently, the probability of fatfgue faflure of a
g1vg? element in the fleet of aircraft, at life NJ, is a joint probability
problem,

. P(Ng) = p(Ng|Ly) x p(Ly) (42)

where, p(N |Ly) is the probability of failure at 1ife Ni, given loads
spectrum L1. and p(Ly) 1s the probability of the occurrénce of the 1oads
spectrum Li. The probabiiity, p(N lL i) 1s represented by the busic fatigue
1ife scatter. A statistical evaluition was accompiished in this study of
over 6,000 aluminum alloy specimen fatigue test results to define the basic
fatigue 1ife scatter magnitude and distribution. The specimens ranged in

exity from simple material unnotched and notched specimen to structural
components and full-scale structures. Moth constant amplitude and spectrum
locading test data were considered. Based on the evaluation of this large
sample of fatigue test results, the folloxing basic fatigue iife scatter
preperties were observed:

1. Basic fatigue 1ife scatter distribution greatly deviates from the
log Normal distribution at 1ives N&y + 20. Equations (7) and (8) represent
basic fatigue scatter frequency and probabf1ity distributions as derived
from the surveyed test data.

2. Scatter {s greater under constant amplitude loading than under
spectrum loadings.

3. In general, unnotched specimen, and £o a certain extent, notched
specimen, exhibit more scatter than structural components. The relatively
high scatter observed in full-scale structure test results {s attributed
to the fact that the great majority of the svecimens tested had previous
actual service loading histery. Therefore,the larger amount of scatter
reflects not oniy the basic fatigue scatter; but also incluces the effect
of the operational loads spectra variation.

4. In general, fatigue scatter increases with increase in life. in
pu, ticu.2r, under constant amplitude loading.
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§. Under spectrum loading, based on notched specimen and structural
component test data, a log standard deviation of 0.14 is recommended for
statistical evaluation of the basic fatigue life scatter of aluminum alloy
aiveraTe structuves o conJunclion wiwh e derived scaiier disiributions of

equations (7) and (8).

Operational l{fe scatter concepts, as a function of the joint probability
distribution model, were {llustrated by the development of several joint
probab111:g distribution models. Using this concept of operational Tife
scatter, the failure distribution of a large sample of actual service failures
was correctly Eredicted. It appears that the operational 1ife probabiiity
distribution, based on the joint probability distribution of the basic fatigue
scatter and applied loads variation, 1s a valid concept and perhaps the most
promising concept in defining operational 1{fe requirements for fatigue analysis
2nd design of aircraft structures.

Fatigue 1ife design requirements should include a specification of a
desired reliability level during the required lifetime, Np, where reltability
R=1-p, and p {s the probability of failure not to be exceeded at 1{fe Ng.
The structurg would be designed and ver{fied, by analysis and/or testing, for
a mean life N, where ¢ is a selected confidence level, and N 1s related to
NR by a statiStically established scatter factor, SF|.. = §_/MNp = Ne/N

p . Ne/MR T Ne/Mpe

Recommended procedures for the calculation of such scatter factors are
described in Section II of this report. For example, SF]p =2, 3, and 4, in

general, correspond to approximately 6, 1, and .5% probabilfity of failure.
Therefore, the design 1ife, Np, specifies a time interval during which the
probability of fatigue failure is an acceptably realistic Tow value.

The torm 'time to fatigue fajlure' is defined as the time to crack
initfation and propagation of the crack until the design ultimate static
strength of the structural element is reduced. For highly notch sensitive
materiais and structures without redundancy with MS = O, the time to fatigue
failure would be the time to crack initiation and would not include any crack
propagation time.

Analytical methods and procedures for the development of generalized
fatigus strength design charts are described, and sanples of such charts
are presented, fn Section III of this report. The 19ads spectra are defined
in equation form and the structural eijement fatigue quality 1s measured in
terms of an average Ke value. The objective of such charts 1s to provide
theidas:gner and fatigue analyst with rapid means of fatigue strength-life
estimation.

As a consequence of the above studies and from general consfderations of
airc-1ft fatigue strength destgn criterifa and analysis problems, future
rescarch and studies should include: '

1. Further collection and statistical evaluation of aluminum alloys and
other comonly used aircraft materials fatigue test data to establish their
tynical basic fatigue scatter magnitude and distributions.
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2. Collection of operational loads spectra on individual aircraft basis
agd ?evelgpment of operational loads spectra distribution for varfous types
of aircraft.

- e otV amacmbabla induscmant amaVlibda Labdamia domansa smsremila
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tion criteria is not available at the present timez and 1t {s doubtful whether
such criteria will be avatlable in the near future. It {s proposed that a
study and statistical evaluation of fatigue test data which 1s typical of
aircraft structures and loadings would result fn a statisticaily accurate

and acceptable damage rule for types of spectrum loadings generally experienced
by aircraft structures.

4. A comprehensive program of collecting and interpreting fatigue service
failures. Comparison of service failure lives and distributions to the
theoretically predicted values and distributions. Of course, such comparison
would be subject to the availability of all pertinent information and data
needed for the analytical predictions. Results of such program would verify
the accuracy of theoretical predictions and would be an ideal collection of
bad fatigue strength design features to be avoided in the future.

5. In conjunction with the resdlts of item (3), development ot fatigue
strength damage rate-design charts for typical aircraft spectra and materials.
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APPENDIX

STATISTICAL EVALUATION OF FATIGUE LIFE TEST DATA

A targe amount of fatigue test data were collected and statistically
i'greted for the purpose of evaluating the fatigue 1ife scatter charac-
ele

ire nvﬂu aluminim nllave data wavo concidarad A total oF ) mn

L) e w

samples. representing 6,659 specimens w:re collected and evaluated "The
following data selection rules were followed:

1. Only samples of three specimens or more were considered,

2. A sample represents a number of identical specimen tested under
the same loading,

3. Samples with mean lives less than hundred cycles were excluded.

4. In general, samples with runouts (test stopped befere failure
occurred) at long lives were excluded. Only in several instances of large
samples one or two runout values were included,

5. In the case of specimens with previous service history, only the
test life was coensidered, Samples were composed of specimens with approx-
imately the same service life in terms of flight hours.

6. In the case of full-scale structures initial vailure lives were used,
Samplies were composed only of failures of the same structuvai element,

The test data used in the evaluation are described in Tables 7 to 14.
A large portion of the statistical data reduction was accomplished with the
help of a computer program. The case numbers in these tables refer to the
computer program case identification numbers. The symbols k; n and In repre-
sent the number of samples, sample size, and total number of specimens in one
case,

1. Data Keduction and Basic Results

Initially, all data werc divided into groups according to:

1. Type of Specimen: a. Unnotched — Material Data
b. Notched - Simply Notched Specimen
Cc. Stiructural Component — Structural Elements
ranging from a simple lug to & complex joirt,
d. Full-Scale Structure — Large aircraft compo-
nents.

2, Type of Loading: a. Constant Amp!itude ‘
b. Spectrum {three iocad lzvels or more)
C. Tension-fension

d. Tensfon-Compression

3. Mean Life Range — Cycles:
.0 “?‘“03
b' ‘0"]0‘.
c. 10%-10%
do ]05-]06
C. 106-107
f. >0
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. The following parameters were calculated for each sample. ‘ ,
1. Ny = Antilog (log H,) (43) {
| where.
S iEETq « Pean of log 1ives 1
N.1 = Cycles to fzilure of an individual specimen i
'n1 = Sample size - number of specimens ’
& $; = Diased Log Standard Deviation
= Ldeg vy - 09 Ny)2)/ny 12 (4) i
: " : {
3, - Log.Deyiation of Individual Specimen Life: ']
Uleg N - Tog ;) v’n,/(ng ) - (45)
Next, the following paramiters were calculated for each group of data
‘according to the t,yr.oe of specimen and loading and 11fe interval: f
1. §i‘ . Averagc of Sample Biased Log Standard Deviations
o (£54)/k (46) ﬂ
k = mmber of samiles in the group N ’
s . M b
1 2, "o, = biased Log Standard.Deviation of the Pooled Data.
; o = ((z5fny) JIng)L2 . (z ;:(los Ny = Tog R.)2)/En ]2 (a7) 1
. : .
1 S
3. o, * Unbiased Log Standard Deviation of the Pooled Data. '
. [(zstng)/((zng)- - K)J2 (48)
i - [(z H1og ¥y - fog W;i4)/((zny) - K)1V2 (49)
4, ﬁ",- Average of Semple iiean Lives — Cycles
i .
: The above data for 211 tha groups ars summrized in Tables 15 to 18.
€
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Furthermore, these parameters were calculated for pooled data of tension-
tension and tension-compression loading groups, as showr in Tables 19 and 20.
Additiona! parameters calculated for these sets of qroups were:

1. cv » Coe?ficient of Variation, see Table 21.

n °n-k/i°9 Rave (51)
2. Life Scatter Distribution versus Log Deviation, see Tables 22 to 23,

where the lc, deviation is multipiied by (/n{/ln1 = 1)) to reduce the bias
of the sample .ize,

2. Interpyetatic of Results

There are two basic questions to be answered about the fatigue 1ife
scatter., What is tha fatigue (ife scatter frequency or density distribution
and what 15 the meagnitude nf scatter? In the following discussion an attempt
is made to give some answery to these questions through the interpretatior of
the results obtained firom the survey of the fatigue test 1ife data.

2.1 Frequency Distribuiion, Yhe most commonly used freﬂuency distriby-
tion in the evaluatiun of fatigue 1.%e scatter has been the "Normal" or
?aussian distribution, with the transformation of N, cycles to failure, to

0gioN,

: eur 2
fix) = (l/oﬂ;)e-a’l’ /2 (52)
where, x = log N
w  =TogN = (£log Ni/n

= = [£(log M - Tog W)Z/(n - 1)1"/?

" Fatigue test 1ife data usually yield approximately Normal distributions.

However, in most cases the samples are small and do not indicate the frequency
distribution in the extreme scatter regions corresponding to low probabilitias
of failure in the order of 1% or Tess. In the design and znalysis of afrsraft
structures for safe life, the main interest lies in the region of relatively
low probabilities of failure. Consequentiy, log Normal approximation of smal)
samples of fatfgue test data does not prove the validity of the Norwal distri-
bution at low probabilities of fatlure.

In order to check the validity of the Normal distribution ir the extreme
distribution ranges the log deviations of many samples were pooled into groups
accurding to the type of specimen ind loading and sample mean life. The log
desiation frequency distributions of these groups are summarized in Table. 22
to 28. With further pooling of 1ife interval group data, (groups exhibiting
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similar standard deviations, ("n»k)' frequency distributions were plotted on
Normsl distribution probability paper as shown by Figure 21 to 27. The cumu~
lative probability of failure, %, was calculatad as,

(100) x (zn/(zng + 1)) (53)

where, tn = Cumulative number of specimen corresponding to a given deviation
va.]uai beginning with the smallest deviation (highest negative
vaiue).

;= Total ramber of specimen in the group.

In addition to the test data distributions, the Normal distribution 1ines,

based on the calculated pooled data op.x values, are shown for compar{son.

The following general observations and comparisons can be made with respect
to the test data and Normal distributions:

1. The pooled test data exhibits a non-Novmal distribution.

2. For all practical purposes test data distributions are symwetrical
about the mean.

3. With respect to 1ives shorter than the mean, at extreme values the
test data indicates higher probabilities of failure than the Normal distribution
and lower probabilities than the Normal as 1ives apprvuach the mean, 1Ine reverse
1s true at Tives longer than the mean.

4. The transition point where the test data and Normal distributions
cofncide ranges approximately from 1 to 10% probability of failure at lives
shorter than the mean and 1 to 10% probability of survival at lives longer
than the mean. The transition point approaches the mean as the standard
deviation increases.

Using these observations as guidelines to derive a fatigue life scatter
distribution, all test data were pooled into four large groups accurding to
the calculated standard deviations, o, i, of Tables 19 and 20. The data was
diviced {anto four groups of standard aeviaﬂons: less than 0.150, 0.150 to
0.200, 0.200 to 0.300, and greater than 0.300, as shown in Table 29, regardless
of the type of specimens, loading or 1ife interval. The log deviation
distributions of these four groups, normalized by dividing the deviations by
the calculatad standard deviation, op_y, were plotted on Normal probability
peper as showm by Figures 28 to 31. Based on these four test data distribu-
tions, a three-term exponential expression was derived for the calculation of
the fatigue 1ife cumilative probability of failure distribution,

Fi-x) = A1 & e 2™ 4 ae 3™, << 0 (s8)
and,  Flx}=1-F(-x), x>0
o, x = {log N.- Tog N)/o

o = [=log N - Tog W)2/(n-1)11/2

e e e . e et gt < o i
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Ay = 1.687Va dl = 1.3 + 0.46/0
AZ = 0.015 dy = 0.28 + 0.48/0
Aa = 0.485 - 1.687/0 dy = 1.09 + 2.16vc

Use of this cumuiative provabiiity of Tatlure axprassion for standawd davis-
tions, o , greater than 0.75 is not recommended. In reality this is not a
1isitation since fatigue 1ife scatter seldom excecds a standard deviation of
0.75. The cumulative probability of failure distributions, for selected
values, ac calculated by tquation (54) are shown plotted in Figure 32 and in
Figures 28 to 31 for comparison with the original test data. From Figure 32
1% 2 sean thatu the ratinue test data probability aistributions of Equation (54),
regardless of the o vaiuve, and the standard Normal distribution -oincide at
a probability of fallure of approximately 4% corresponding to 1.75 standard
deviations from the mean. Furtharmore, the test cata Equation (54) indicates
higher probabilities of failure than Nonsal at standard deviations greater
than 1.75 from the mean, wicreas at standard deviations less than 1.75 from
the mean the test data asproaches the Normal distribution at the standard

deviation o = 0.75.

Since the cumulative probabiiity is *he area uader the frequency (density)
distribution function, differentiating cquation (54) with respact to x we
obtain the frequency distribution functics,

fx) =S Fx) = - (Acge 1™ & a2 4 aaedeliy

wvhere

The negative sign on the right side of equatics (55} can be disregarded for
all practical purposes of calculating f{x). The test data frequency distri-
bution functions as calculated by equation (55) for selected values of ¢ and
the standard Normal distribution are shown plotted in Figure 33.

2.2 Standard Deviations. Th: standard deviation is the measure of
fatigue 1ife scatter with vespect to the mean 1ife. The magnitude of the
standard deviation reflects the amount of dispersion of fatigue lives about
the mean, This §s true of the Normal frequency distribution as well as the
m;;:):y distribution expression derived from test data, see equations (52)

The calculated standard deviation walues, based on the fatigue test data
survey, are summarized in Tables 15 to 18, according to the type of cyclic
loading, specimen, and mean life intervil. Pooling of the same type of loading,
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sgecimen, and mean 1ife sall sample data 1uto lavger groups was justified on
the assumgtion that all s mples come from the same population. Following
general observations can be made about the magnitude of scatter in terms of
the ealewlated unhiacad, - ., ctanderd deviatione:

1. Ne consistent trend is observable between tension-tension ard te~sion-
Cuiipruess fon ioading op.k vaiues, see Tabies ib to 1y,  Tousequent'y, tite
tension~tension and tension-comprassion data were pooled tugethar and the
results are prasented in Tables 19 and 20.

2. Scatter is propgrtional to life. Scatter increases with increase in
14fe from approximately N = 10%, see Figures 34 and 35,. Tpove 1s also some
evidence of increase in scatter as iives become relatively shert. Thus, it
appears that the greatest amount of scatter can b: expected at the uhort and
long lives. Tnis can be .ttributed to tne variibility of the stetic ultimate

strength &% short 1ives and the statistical aspects of the fatigue strength |
endurance 1imit at long lives. The variation of the standard deviation as a
function of thg mean 1ife in terms of the coefficient of variation,

Cy=o¢ -¥/1og Nave » 15 11i.ustrated by Figures 36 and 37. The varfation of
Cy with 1fe 1s similar to the variation of standard deviation.

3. In general, scattor is greatest for unnctched specimen, and least for
structural compgnents. Houzever under constani amplitude Toading, notched
specimen scatter exceeds that of the unnotchad specimen, except at short and
long lives, whereas under spectrum loading, notched specimen and structural
component scatter is app osimately the same.

4, The relatively high scatter of full-scale structure tezt lives is
somewhat surprising at first. It is consistently higher than structural com-
ponent scatter and scmetimes exceeds the scattur of notched specimen., One
would expect the scatter of structural components and full-scale structure
lives to be about the same considering that the full-scale structurc test
l1ife samples were defined by fnftfal fatlures of the same structural element
and nat the Firal failure of the complete structura. One possible explanation
of this is tiie fact that most of the full-scale structures tested had a pre-
vious service loading history. Although samples were composed of specimen
with approximatcoly the same service life, as maasured by flight hours, the
amount of damage accumulated by each specimen fn service 1ife prior to testing
varied. Conseanuently, flight hours are not the zbsolute measure of the
specimen 1i1fe, o 1n effect, of the damage accumulated by the struciure, the
damage being the true measure of the consumed 1ife. Thus, tha relatively high
scatter 1n test lives of full-scale structures with previous service histury
refiects not only the basic fatigue scatter, but also, partl;, the sciatter
due to the variation of service loads spectra. Another factor to consfder In
the interpretation of Yull-scale test results 1s the probable difficulty in
detecting the crack initiation consistently for each specimen. This fact
could also contribute to the higher scatter exhibited by the full-scale struc-
ture test results as compared to the structural component scatter.

5. Scatter appears to be greater under constant amplitude loading than
under spectrum loadin? when the comparison {s made betwsen the same type of
speciinen at the same life, see Figures 34 and 35. It should be noted that
if the 1ives under spectrum loading were divided by approximately a factor
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of ten, a much closer agreement between constant aiipiitude and spectium
Toading standard deviations is cbserved. One plausible explanation of this
PRENOINENE COUIE DE Hi1e TOGL LHal O LRIty WIMGH SPGCwWuUm TUauInEs WG Speourwn
contains many cycles of low loads which contribute a negligible amount to the
total camaqe. Exclusion of these Tow load cycles from the measure of 1ife
under spectrum loading would reduce the 1ife, 1n terms of cycles, to a commen

basts foo comparison of spactrum and coistant amplitude Toading 1ives.

3. Cycluding Remarks and Recommendations

Fatigue 1ife of materials and structures is a statistical vaiue and for
this roason the fatigue 1ife scatter statistical model parametars must be
usfined. These parameters are the mean 1ife, the frequency distribution and
the standard deviation. The mean 11fe is directly a functicn of the type of
loading and specimen and can not be generalized. However, a standard fatigue
1ife scatter firequency distribution, and in turn, a probability distribution,
can be assumed to exist, associated with the magnitude of scatter as measured
py the standard deviation. The survey made in this study of 1,180 test
samples, representing 6,659 aluminum alioy specimens, ranging from unnotched
specimen to full-scale structures, indicates the following results:

1. Un the assumption that a common fatigue 1ife scatter frequency
distribution exists, general frequency and probabiiity functions,equation (54)
and (55), were derived as a function of the standard deviation. These
g;preis;gns differ from the Normai~Gaussian distribution as shown in Figures

an L 4

2. The measure of the scatter about the mean, the standard deviation,
was found to vary as a function of the type of loading, specimen, and mean
1ife as 11lustrated by Figures 34 and 35, The magnitude und variation of
the staudard deviations mist be considered to represent the typical fatigue
11fe scatter under similar loading, specimen, and 1ife conditiens.

- Based on the evidence of the fatigue test data survey results, the
following tentative recommendations are made for the statisticai interpreta-
tion of the basic fatigue life scatter of aluminum alloy materials and
structures:

1. The frequency and probabiiity distributions, equations (54) and (55)
should be used in lieu of the log-Normal Jistribution.

2. Recommendation of basic stwundard deviations as a function of type of
loading, specimen, and 1ife, remains a dilemma, as exemplified in the discus-
sions of the test data results in Sectiun 2.2 of this appendix. More test
data, and in some areas a more detailed treatment of the data are needed to
clarify the discrepancies brought out tn Section 2.2, Keeping in mind the
need of further detail study of additional test data, following standasnd
daviation values are recommended for use in the statistical evaluation of
fatigua 1ife scatter:

a. For the evalustion of constant amplitude S-N test data, use

standard devistions presented by Figure 38. Two sets of standard deviations
ure presented: one for simple unnotched and notched materials specimen,

A




the other for structural components. The simple specimen standard deviations

—— L pn Al s snde b o 4 anland vy * k
GIC be3cd on the unnotchad and astohod sposimon fonsiant amplituda leadica

pooled data. The standard deviation values for structural comporents, appli-

cable to any structural element with multiple stress concenirations, are based
on structural component test data with the exclusion pt the K < 10° data which
appears to be unrcaiistic in view of all the vther deta, see Figure 34.

b. For the evaluation of spectrum loading test data, the standard
deviations of Figure 35, in the life range 10 < R < 107, are recommended for
simpla unnotched and notched, and structural component specimen. The full-
scale structure standard deviations, 1t must he remembered, represent not only
the basic fatigue scatter, but also the scatter due to loads spectra variation
as pointed out in Section 2.2 of the Appendix.

¢. For the purpose of general fatigue analysis and design of aircraft
structures under spectrum loadirj, .2 standard deviation of 0.14 is recummended
for statistical evaluation of the basic life scatter. This vaiue 1s the
unbfased standard deviation of all notched specimen and structural componen
spectrum loading data consisting of 305 samples and 2,106 specimen.

3. Fatigue life scatter of aircruft structures 1n service is a function
not only of the basic fatigue scatter, which can be defined as the scatter
exhibited by laboratory specimen, but alsc a function of the loads spectvum
varfation in a fleet of aircraft. As noted in Section 2.2 of the Appendix,
the full-scale structure test data surveyed in this study represents not only
the basic fatigue scatter, but in part, also reflccts the effect of service
loads spectrum variation. On the basis of a1l full-scale structure spectrum
Joading test data, represented by 35 samples and 202 specimen, a standard
daviation value of not less than 0.20 is reconmended for use in the statisti-
cal evaluatici oi service Tife scalier of afrcraft siructures when the mean
1ife is based on average operational loads spectrum. (For comparison, the
standard deviation based on a1l full-scale structure constant amplitude
loading test data, represented by 91 samples and 378 specimen, 1s 0.26.)
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é TARLE 7
; FATIGUE TEST DATA DESCRIPTVION
; Constant Amplitude Loading — Uniotched Specimen
i .
: Case No. Material Loading k__%, n In Ref.
3 ) 2024-181 Sheet Axial 19 |3.4 §0 n
: 2 2024-T3 Sheet Axial 18 |3-b 67 n
i 5 7075-T6 Sheet Axial 48 | 3.8 206 n
i 20 243-T3 Sheet Axial 7 13,4 25 12 :
, 21 755-T6 Sheet Axial 8 [3,4,6] 31 12
g 22 245-T3 Sheet Axial 3 |4,5 14 12
£ 23 755-T6 Sheet 1al 3|3 9 12
i 4 245-T3 Sheei Axial 3 (3.4 10 12
B 25 755-T6 Sheet Axial 6 |3, 20 12
; 30 7075-T6 Extr. Rod Rotating 9 |3,9-11] 82 13
) Beamr
: 36 755-T6 Hand Forg. late Axial 3 (3 9 15
54 7079-TG6 Hand Forg. Red Axtal 113 3 14
i Total: | 128 | 536
?
:
i
g

13
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L TABLE 8
4 i
% %
b FATIGUE TEST DATA DESCRIPTION .
i i Constant Anplitude Luading — Notched Specimens ;
E : Case No. Material K1{Kg) Notch Loading | k n n |Ref,
b 8 |2024-13,2024-781, Hole Aial | 6(3-5 | 23|m
7075-T6 Sheet ;
13 7075-T6 Sheet 4.0 Edge Axial 13 13-5,9( 50|16 .
14 2024-T3 Sheet 4.0 Edge Axial 14 g.?. 79| 16 |
0 i
15 | 7075-16 Sheet 4.0 Edge Axial | 14|48 | 7417 |
16 7075-T6 Sheet 3.0 Hole Axial 20 |5 10018 1
17 7075-T6 Sheet 4.0 Elipse Axial & |5 12518 X
18 7075-T6 Sheet 7.0 Elipse Axial 25 |5 125118 .
19 7075-T6 Sheet 10.0 Elipse Axial 20 |5 100 18
» , 26 245-T3 Sheet 2.0 Hole Axial 11(3 3|19
& ' 27 245-T3 Sheet 4,0 Fillet Axial 113 3|19
¢ ' 28 | 755-T3 Sheet 2.0 Edge Axial 113 3(19
E 29 7155-T6 Sheet 4,0 Edge Axial 113 3[19 f
! 31 7075-T6 Extr.Rod | 1,38 Groove Rotating 6 (9,10 58|13
i Beam
[ 32 7075-T6 Extr.Rod | 3.0 Groove Rotating | 10 (9,10 98|13
: Beam
‘ . 33 7075-T6 Extr.Rod | 5.0 Groove Rotating 8 {10 80113 3
‘ Beam ;
34 245-T3 Sheet 4.0 Edge Axial 2 13,4 7120
37-50 |755-T6 Hand Forg.; (1.2- Fillet Axial 54 (3,4 163 { 15
Plate 1.5) {Lug) '
51,52 {20i4-T6 Hand 2.4 Groove Axial 2 (3 6|14
Forg. Rod '
53 7075-T6 Hand 2.4 Groove Axial 213 614
, Forg. Rod
55 202¢-T3 4,0 Edge Axial 116 621
56 7075-T6 4,0 Edge Axial 1|5 5121
Total: 1227 117
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TABLE 22

FATIGUE TEST LIF SCATTER DISTRIBUTION
Constant Amplitude Loading — Unnotched Specimen

No. of Specimen in the Life (Cycles) and Dsviation Range
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FATIGUE TEST DATA DESCRIPTION
Constant Amplitude Loading — Structural Components

TABLE ¢

Total:

Specimen Material k In Ref,
tug (Loaded Hole; 2024-T3 Sheet 66 263 | N
Lug (Loaded Ho'e 7075-T6 Sheet 65 263 n
Riveted Lap Joint 7075 Clad Sheet 4 40 22
Rivete! Lap Joint 2024 Clad Sheet 5 50 22
Riveted Lap Joint 2024 Clad Sheet 15 97 | 23
Riveted Beam 7075-T6 3 10 24
Fuselage Skin Juint ;4S-T, 245-T, 25 95 25

58-T
Frame-Stringer A 245-T3, 755-T6 3 19 26
Attach.
Scarf Splice 7075-T6 6 24 27
Spar Cap Splice 7075-T6 3 11 28
Skin-Stringer Spiice | 7075-T6 1 4 28
Skin-Stringer Splice | 7075-T6 1 3 |29
Skin Splice 7075-T6 3 12. | 30
Skin Splice 7075-T5 8 24 | 31
Skin=-Strinyer Basic 7075-T6 1 4 32
Structure
Spar Cap Simulation 7075-T6 8 29 | 33
tlement
Lug gg 363A, 3648 5 20 | 34
Lap Joint 245-T Clad Sheet | 14 47 | 35
Lap Joint 755-T Clad Sheet | 17 65 35
Lap Joint 24S-T Clad Sheet | 4 60 | 36
Landg. Gear 7075-T6 4 23 | 37
Component L
Frame-Longeron 755-T6 15 75 37
Attachm,
Antenna Attachement 755-T6 2 7 37
Longeron Splice 7075-T6 2 8 |37
Eyevolt 7075-T6 1 n 37
Latch Fitting 7075-T6 1 6 37
282
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o " TABLE 10
: SR FATISUD TEST DATA DESCRIFTION B
. Constant Asplitude Loading — Full Scale Stiuctures '
¥
i Casa No. Spoc'luen Material k n In |Ref, ;
] 75 | 1-29 outer Wing 7075 18 [3-6,8| 83 |38 |
; 77 C-46 Wing 2024 9 | 3-6 37 3s ;
1 S 80,81 | p-5 (Husung) Wing | 2024 57 | 3-8 229 40
; 85 | Meteor Tailplane OTD 390 2 |3 6 4 .
i ; 90 Fighter Horiz. Tail 7075 4 | 4,6 20 42
q : 9 Fighter Wing - 7075 1 |3 3 42
. Total: |91 378
i
o
T
H TABLE 11
-
g FATIGUE TEST DATA DESCRIPTION .
% Spectrum Loading — Unnotched Specimens 1
!
! Case No. Spectrum Material k n In  |Ref.
" 650 Sinusoidal Modulation| 7075-T6 Extr.Rod 9 | 4-6,11 50 13
651 |Exponential 7075-T6 Extr.Rod | 7 |3-6 | 27 | 13
Modulation
1 660,661 |Random Excitation 2024-14 Extr.Rod | 10 | 6,7 64 | 43 _
§ 662 -|Quasi-Stationary 2024-T4 Extr.Pod | 3 | 3,12, 3 | 43 .
Excitation 16 L
3 623,564 |Random Excitation- | 2924-T4 Extr.Rod | 21 | 5-7 ns | 43 3
d Pre-Strass
) 753 |4-5 Step Mareuver 7075-T6 Sheet 14 | 3,4 51 | 1 .
i 780 Sinuscidal Modulation | 24S-T4 Extr. Rod | 14 | 10,11 141 44 :
i 781  |Exponential 245-T4 Extr. Rod | 13 [ 10,11 | 131 | &4 E
1 . [Modulation : ;
784  |Exponential 2024 | n a0 220 | 45
. Modulation
785 |Exponential 7075 10 |20 200 ; 56
Jotal: |12 1,030
i i
R s
7
i i :
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TABLE 12

FATIGLIF TFST DATA NFSCRIPTINN
Spectrum Loading — Notclied Specimen

Case No.| Material Ky | Notch Spectrum k n En | Ref.
301 2024-T3 Sheet |4.0 [Edge 8 Step Gust 46 4! &7
310 7075-T6 Sheet|4.0 |Edge 8 Step Gust 216 12| 47
315 7075-T6 Sheet|4.0 |Edge 8 Step Maneuver 31(6 18| &7
330 7075-T6 Sheet|4,0 |Edge 8 Step Gust + GAG| 22 |6,7 14 21
352 2024 Sheet 4,0 |Edge 8 Step Gust + GAG| 2 |6 121 21
N 2024 Sheet 4,0 |Edge 18 Step Gust 5 [3,4,6, 30| 16

8,9
376 2024 Sheet 4.0 [Edyge 8 Step Gust 8 (3,6 30| 16
384 7075 Sheet 4,0 [Edge 8 Step Gust 13 {3-6 571 16
420 7075 Sheet 4.0 |Edge 4,8 Step Maneuver| 10 |6 60 | 17
¢50 7075 Sheet 4.0 |[Edge Maneuver 10 |6-8 63| 48
875 |7075 Sheet  |4.0[Elipse | Gust, Gust + GAG } 15 g.sig. 86| 18
5 [ ]
580 7075 Sheet 4,C|Elipse ; Manv, ,Manv., + GAG| 4 |5,7 221 18
585 7075 Sheet 7.0 |EVipse | Gust, Taxi, 7 (5.6 40| 18
Composite
629 24S-T,7178- [7.0|Groove | Gust, Gust + GAG | 8 |9,19, 157 | 49
T6,0TD 363A 20,30
Extr. Rod
634 DTD 363A 4.0 |[Groove | Gust 3 |{5,6 7! 49
Extr. Rod
€36 OTD 363A 3.7 |Groove | Maneuver 6 [3.4 19| &9
Ertr. Rod
652 7075-T6 3.0 [Groove | Sinuscidal 8 |4,5,9 45 1 13
Extr, Rod Modulation
653 7075-T6 3.0 |Groove | Exponential 7 |3-5 28| 13
Extr. Rod Modulation
654 7075-T6 3.0 [Groove | Gust 3 19,4,15 38| 13
Extr. Rod
680 7075-76 Sheet (4.0 [E1ipse | Random Gust 9 13-6,8
752 | 2024-T6, [Hole |4-6 Step Maneuver| 5 |3-5
7075-T6 Sheet
788 7075-T6 3.2 [Groove | Exponential 20 |10-12,
Extr. Rod Modulation 14
_ Exatr. Rod Pre-Stress
792 2024-T3 Sheat |4,0 [Edge Random Gust 15 |6
793 2024-T3 Sheat |4.0 |Edge c?ns::nt Mean 20 |6
Bloc
794 2024-T3 Sheet (4.0 Edge Yariable Mean 6 |6
» Blocks
Total: 253

n
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TABLE 13

FATIGUE TEST DATA DESCRIPTION
Spectrum Loading — Structural Components

78

Cace No, Specimen Material Spectrum k n In |Ref.
642 |Riveted Lap Joint 7075 C1.Sh. | Gust, GAG | 19 |3-5,7 |121 | 22
643 |Riveted Lap Joint 2024 C}.Sh. | Gust, GAG 7 17
645 |Bolted Joint L.65 Bar Gust 4 13,5
692 |{Riveted Beam 7075-T6 Maneuver 4 |3
638 |Wing Spar Cap 7075-T6 Gust, GAG 2 |3
750 |[lug (Loaded Hole; 7075-T6 Maneuver 9 |8-12
751 |Lug (Loaded Hole 2024-T13 Maneuver 5 |3,4,6
766 | Integral Skin-Str. 707576 Gust 1

Joint
761 | Integral Skin-Str. 7075-T6 Maneuver 1413
Joint
Total: | 52
TABLE 14
FATIGUE TEST OATA DESCRIPTION
Spectruri Loading — Full-Scale Stiructuras

—

Case No. Specimen Material Spectrum k n T
605 |[C-46 Hing 2024 Gust 7 13,5
610 |[C-46 Wing 2024 Gust 5 |4
615 |C-46 Wing : 2024 Maneuver 5 13,4

-626 |P-£1 (Mustang) Wing 2024 Gust, GAG 3 13,4,7
628 |P-51 (Mustang) Wing 2024 Gust, GAG 4 ?510,
630 ll:ainer (Provost) Maneuver 114

Wim '
638 P-S? {(Mustang) Wing 2024 Maneuver 3 5,6
690 |(Fighter Horiz. Tail 7075 Maneuver 6|3
691 |Fighter Wing 7075 Maneuver 113
' Tetal: | 35

[WSRRERS, e




I,..r.,w.?,w..
e
Ui opa

- e

TABLE 1§

FATIGUE TEST LIFE SCATTER — STANDARD DEVIATIONS
| Constant Amplitude lension-iension Leading

!
i Cycle :
| | Range Sgecimen k| zn % | %ok Nove
ﬁ ! Notched ] 45 | .081 | 090 {.100 604
, : 102-10% | Structural Component | 11 45 | 480 | .694 | 796 475
: i Full-Scale Structure | 6 | 21 | .249 | .264 |.312 493
|
f i Unnotched 0] & |.083 [ .1 |27 4,480
| 103.10% | Notched 17| 83 |.104 | .118 |.132 | 4,950
! Structural Component | 30 | 138 | 115 | .179 |.203 4,230
; Full-Scale Structure | 15 | 65 | .249 | .281 |.320 3,690
o Unnotched 28 | 107 | .105 | .132 |.154 |4.62 x 10
: 10%-105 | Notched 20 | 92 {.129 | .67 |.188 {3.18 x 10*
Structural Comporent | 66 | 289 | .089 | ,107 |.121 |4.05 x 10%
{ Full-Scale Component | 24 | 107 | ,161 | .185 {.210 {3.72 x 10"
§ Unnotched 15| 61 |.200 | 395 |.454 |2.29 x 10°
i 105-106 | Notched | 15 1 73 |.328 | .402 |.451 [2.40 x 105
- Structural Compcnent | 88 | 413 { ,141 | .169 |,190 {2.96 x 105
Full-Scale Structure | 14 | 56 | 142 | .156 |.181 ]3.97 x 105
Unnotched a| 17 |.500 | .663 |.772 [2.34 x 108 |
106-707 | Notched 7] 33 |.443 | 588 |.663 |3.05 x 108
Structural Component | 24 | 144 | .243 | ,275 |.302 |3.27 x 10®
Full«Scale Structure | 4 14 | .120 | ,160 |.189 [2,35 x 106
»107 Notched 4 20 | .362 | ,527 |.589 |3.22 x 107 .
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TABLE 16

FATIGUE TEST LIFE SCATTER — STANDARD DEVIATIONS
Constant Awnlitude Tansion.Comnression loading

Lyiie -
Ranoc Specimen ki mi S 9% | “aek Nyve ]
: : Unnotched 71 3| 197 | 222 ] .253 kY& )
r ’ 102-103 Notched 32 Va6 JN12 | 39 156 a7z
| - Structural Component 6 Z7 | 228 | 309 | .35 563
i Full-Scale Structure { 3 | 11 | .258 | .259 | ,303 354
| !
ji ! Unnotched 10 3B | 13| .167 | .198 5,280 4
| 103-10% | Motched 47 {187 | .13 | 159 | 183 | 3,920
Structural Componert | 28 | 179 | .084 | 103 | 118 4,440
Full-Scale Structure 9 37 | J193 | ,222 | .255 4,350
Unnotched 26 9] | .,097 | .121 | 143 | 4.38 x 0% Vi :
1 Job-105 | Motched 39 {176 | .158 | .229 | .260 | 4.08 x 10%
- Structural Component | 14 | 56 | .084 | ,105 | 122 | 4,19 x 10"
B Full-Scale Structure | 6 | 28 | .235 | .276 | .311 | 3.69 x 10%
! Unnotched 21 | 98 | .211 | .260 | .293 | 3.78 x 105
: 105-10° Notched 18 | 105 | .78 | .442 | .486 | 4.37 x 10°
o Structural Component | 11 | 44 | ,101 | .121 | ,140 | 4.27 x 105
; Full-Scale Structure | 9 | 36 | .211 | .264 | ,304 | 3.46 x 10°
r ; s
?’ ' Unnotched 2 13 | 79 .697 | .78 | 3.11 x 109
: 10%-107 Notched 1 81 | .511 .521 | .560 | 3.11 x 0%
; Structural Component | 4 | 14 | 137 | .144 | 171 | 1.58 x 108
: Full-Scale Structure 1 3 .05 | .055 | .067 | 4.20 x 10®
07 | Unnotched s | 43 | .567 | .705 | .750 | 2.52 x 108
i Notched 8 76 | 573 | .660 | .697 | 1.65 x 108
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TASLE 17

FATIGUE TEST LIFE SCATTER — STANDARD DEVIATIONS
Spectrum Tension-Tension Loading

Cycle
Range Specimen k| = 3 op | In-k ﬁgye
103-10% | Noiched 6 19 .067 | .092 | .IN 2,705
Uanotched ] 4 | 061 061 .070 | 5.66 x 10
10%~105 Notched 15 89 | 080 | .104 | .114 | 4.68 x 1g*
Structural Compouient | 9 | 57 | .081 | .096 | .105 | 7.17 x 10®
Full-Scale Structure | N 36 | 137 | .176 | .212 | 5.2 x 1o%
Unnotched 12 79 { .104 | 127 | .138 | 4.17 x 105
J05-10¢ | Notched 11| 62 | .068 | .077 | .085 | 1.33 x 105
Structural Comporent | 14 | 92 | ,103 | 124 | .134 | 5.98 x 103
Full-Scale Structure 3 14 | .163 | .156 | .176 | 5.42 x 1G%
‘ Unnotched 2 14 | 128 | .129 | .139 | 1.85 x 106
106-107 | Structural Component | 13 | 72 | .122 | .162 | .i79 | 4,88 x 10€
Full-Scale Structure | 12 47 | 138 | .15 | .181 | 3.80 x 108
>107 Structural Component | 3 | 19 | .135 | .135 | .147 | V.54 x 107
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TABLE 18
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Spectrum Ten.ion-Comphession Loading

IR

Cycle [ -
Range Specimen k In S o %k
103-10"% | Unnotched 5 19| .185 | .237 | ,276
Unnotched 2i | 195| .142 | ,155 | .164
10*-10° Notched 76 | 539 ,056 | .065 { .070
Structural Component 4 24 .14 | 120 | 132
Full-Scale Structure 1 6( .270 | ,270 | .29
Unnotched 31 ) 324 .156 ;| .161 | .17C
105-1)8 Notched 114 | 8724 1011 139 { ,150
- Structural Component 6 36| .088 | .130 | 142
Full-Scale Structure 7 90| ,165 | .180 | ,187
Unnotched vl 321 .21 ) L2685 ) .279
108-107 | Notched . 26 1 17281 ,137 1 .iBl | .196
Structural Componen* 2 141 309 110 | .119
Full-Scale Suructure 1 9 214 | 214 | ,227
Unnotched 9 74 | 497 | .472 | 204
>107 Notched 5 24| 315 | .347 | .390
Structural Coinponent 1 7| 077 | L0717 .083
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TABLE 19

FATIGUE TEST LIFE SCATTER — STANDARD DEVIATIONS
Constant Amplitude Tension~-Tension and Tension-Compression Loading

i e i o ey e O DB AT Y

Cycle -

Co Range Specimen k| &n S Sn | Ipek ilng' .
' Unnotched 7| 30| a97 | .222 | .253 323 .‘ |
: 102-103 Notched 41| 191 | .105 | .128 | ,145 536 . 3
| Structural Component | 17 73| .390 | .582 | .664 506
5 Full<Scale Structure 9 32| .252 | .262 | .309 447

Unnotched 20 76 | 109 | .140 | .163 4,880

‘ ]03 ]0.' NOtChEd 64 270 al]] 0147 0169 4.200

- Structural Component | 58 | 257 | .700 | .149 | ,169 4,380

Full-Scale Structure | 24 | 102 | .228 | .26) | .298 3,940
: Unnotched 54 | 198 101 | 127 | ,143| 4.5 x 10%
i 1G%-105 | Notched 59 | 268 | .148 | .210 | ,238( 3.78 x 10%
' Structural Component | 80 | 345 | ,088 | ,106 | .121 | 4.07 x 10“
Full-Scale Structure | 30 | 135 | 176 | .207 | .235| 3.71 x io%
Unnotched 36| 159 | .244 | .318 | .362| 3,16 x 105
: 105.706 | Notched | 33| 178 | .356 | .426 | .472 | 3.49 x 105
) Structural Component | 99 | 457 | ,137 | .165 | .186 | 3.11 x 105
: Full-Scale Structure | 23 | 92 | ,169 | .205 | .237 | 3.77 x 108
' Unnotched 6| 30| .657 |.678 | .758| 2.6 x 108
; !06 .l 7 NDtCHEd ) ]8 1]4 0484 054] 9590 3.09 X ]06
3 ~10 Structural Component | 28 | 158 | ,228 | ,266 | ,294 | 3,05 x 1Q6
: Full-~Scale Structure 5 17 | 15 | 147 | 174 | 2.72 x 108
X 107 Unnotched 5| 43| .567 |.705 | .750 | 2,52 x 108
: 4 Mot.ched 12| 96| .502 | .63%4 | .678| 1.21 x 108
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TABLE 20

FATIGUE TEST LIFE SCATTER — STANDARD DEVIATIONS
Spectium Tension-Tension and §+usion-Compression Loading

R T ———

. Cycle - - : o
Range Specimen k )] S o9 ) %k N.We
162.104 Unnotched 5 19 .185 237 276 7.800
Notched 6 19 | 067 |.092 | .111 2,700
Unnotched 22| 199 | 139 |[.154 | .163 | 4.52 x 10*
10°-16° Notched 91| 628 | 060 |.072 | 077 | 5.01 x 10"
- Structural Component | 13| 81 ! .091 [.104 | 313 | 6.55 x lo“
Full-Scale Structure | 12| 42 | .148 |.,193 | .228 | 5.65 x 10"
b A peceT | e T
Unpotched 431 403 | .14 .155 | .164 | 3,88 x 105
Structural Component | 20 128 | .098 |,125 | .137 | 5.49 x 103
Full-Scale Structure | 10| 04 | 164 |, 178 | .187 | 4.73 x 105
Unnotched 33] 335 | .262 |.261 L2751 2,2 x 108
105-107 | Motched 26| 178 | .137 |.181 | .196 | 2.72 x 108
Structural Component | 15| 86 | .120 {.155% |.170 | 4.77 x 10¢
Full-Scale Structure | 13 56 | .144 |.167 | .190 | 3.68 x 10¢
Unnotched 9 74 497 | .472 .504 | 2,3 x 197
>107 Notched 5 24 | 315 |.347 | .390 | 4.44 x Q7
Structural Component JJ 26 | 121 |.122 | .133 | 2.02 x 107
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iRange -

' i Constant Amplitude Spectrum :

Specimen k| znlop.k i.n Cy | k| Enjo, g '-‘ave C,

r
f

iCycle

— e L -—1 . -

o Unnotched 7| 30:1.253 323 |.100
~ | Motched 41191 [.145 536 |.053
o, | Structural Component 17| 73|.664 506 |.c%v
~ | Full-Scale Structure| 9; 32(.309 47 (a7

: 5 | Urnotched 20| 761.163| 4,880 |.044
-~ | Notched 64 {270 (,169| 4,200 .047
: Structural Component {58 |257 [.169| 4,380 |.046
~ | Full=Sci i+ Structure|{24102(.298| 3,940 |.083
v | Unnotched 54 (198 |.144 (4.5 x10"{.031 |22 199].163|4.52x10*|.035
= { Nutched 59 |268 |.238 {3.78x10" | .052 191 |528|.077|5.01x10%|.016
(o)

071
-032
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Structural Cosponent [80 1345 {.121{4.07x10"%{.026 |13 | 81].113|6.55x10%{.023
Fuil-Scale Structure[30(135].23512,71x10%|.052112 | 42|.228(5.65x10" | .048
‘ T1T 1
Unrotcled 36 {159 {.362 |3.16x10% | ,066 {43 KC3|.164 (3.88x10%|.029
Notched 33(178 |.472|3.49x10% |, 085 125936 | . 146 3. 11x105 | 027
Structural Cowponent !99 1457 |,18673,11x105 |,034 {20 128],137|5.49x105].024
Full-Scale Structure (23| 92 [,237(3,77x105|.043110 104 |.187|4.73x10%|.033

Unn_tched 6] 30).75312.6 x10°|,118)33 k35 .275(3.2 x10%|,042 i

Notched 18 [114 |.590 (3,09x105 |.091 126 178|.196 |2.72x106 |.03C
Structural Component |28 1158 |.294 [3.05x10% [.045115 | 86 (.170 [4.77x108 {.025
Full-Scale Structure| 5| 17 |.174 |2,72x108 |.027 |13 | 56 |.190|3.68x106 |.C29

h
inotched 5| 43,750 |2.52x108 |.089) 9 | 74 |.50% 2.3 x107|.068 1
Me:tched 12} 96,678 (1.21210° |.064 | 5 | 24 {.390 |4.44x107 | .05)
Structral Comporent| - -! - - - | 426;.133]2.02x107 ..Nf_J
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TABLE 23
FATIGUE TEST LIFE SCATTER DISTRIBUTION

constant Amplitude Loading — Notched Specimen
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FATIGUE TEST LIFE SCATTER DISTR BUTION
Constant Aur~litude Loading ~ tructural Components
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TABLE 25

Mo. of Specimen in the Life (Cycles) and Deviation Range

FATIGUE TEST LIFE SCATTER DISTRIBUTION

Constant Amplitudc Loading — Full-Scale Structures
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TABLT. 26

FATIGLE TEST LIFE SCATTIR DISTRIBUTION
Spectrum Loacding ~ Unnotched Specimen
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TABLE 2
FATIGUE TEST LIFE SCATTER DISTRIBUTION
Spectrum Loading - NHotched Specimen

[(logK;-TogN;)x | No. «f Specimen in the Life (Lycles) and Deviation Range
/ny/{ng<T1] 103104 104105 105-106 106-107 >107
-1.1 to -1.0 1

-0.9 -0.8 1

-0.8 .7 2 _
'0.7 "0.6 ! .I
-0.6 -0.5 ] 1 1
-0.5 -0.4 2 5 2 1
-0.4 -0.3 1 10 3 3
-0.3 -0.2 1 2 28 14 2
«0.2  -0.1 2 K} 100 18 3
0.1 -0.0 8 279 k) ) 50 1

0.0 0,1 6 280 37 54 4

0.1 0.2 1 28 95 15 1

0.2 0.3 3 32 9 3

0.3 0.4 1 16 3

0.4 0.5 1 5 4

0.5 0.6 ] 2 z

0.6 0.7 1 3 2 1

0.7 0.8 1

0.8 to 0.9 1

Ing 19 628 936 178 24
]
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i TABLE 28

: FATIGUE TEST LIFE SCATTER DISTRIBUTION |

i Spectrum Loading ~ Structural Components and Full-Scale Struciures

O A7 S B i - = o s 1) 1 e

: | mi/lni-T1]  [10%-10% [10%-108 [108-107 | >107  [10%-10% [10°-10€ [10°-10

i -0.9 to -0.8 1

, - ~0,7  -0.6 1
-0.6 '005 ] ] 2
-0.5 0.4 3
~0.4  <0.3 2 2 ’ 4 o
-0.3  -0,2 4 4 1 ] 1 6 4 y
-0,2  -0.1 8 18 15 5 7 13 10 .
-0.1 -0.0 3l 41 29 7 4 20 1 o
0.0 0.1 26 43 21 7 4 26 n L -

j G.1 2.2 7 17 10 4 6 20 6
3.2 0.3 4 3 2 2 ! 8 6 -
003 0:‘ l 2 ’ 3 3 3 -~
0.4 0.5 1 2 2 1 L
0.5 0.6 1 4
0.6 to 097 ‘ 3

Ing 81 128 86 26 2 |14 56 ]
o ’
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GROUPING OF TEST DATA ACCORDING TO THE STANDARD DEVIATION MAGNITUDE

TABLE 29

ook Range | o, | k In N Loading Specimen
077 91 628 | 10*-105 | Spectrum Notched
11 6 19 | 193-10% | Spectrum Notched
J13 ) 13 81 | 10%-"25 | Spectrum Structr. Comp,
.12} 80 345 | 10%-10% | Const. Ampl. Structr. Comp.
.077-,150 133 4 26 | 107 S,ectrum Structr. Comp.
37 20 | 128 | 105-10¢ | Spectrum Structr, Coms,
Jd43 | 54 ! 198 | 10“-105 | Const. Ampl, Unnotched
45 | 41 191 | 102-103 | Const. Ampl. Notched
146 | 125 936 | 105-10% | Spectrum Notched
Total J27 | 434 12,552
UV S : - T
J63 | 22 199 | 10*-10% | Spectrum Unnotched
J63 | 20 76 | 163-10° | Const. Am, 1. | Unnotched
164 42 403 | 105-106 | Spectrum Unnotched
169 | 64 | 270 | 103105 | Const. Ampl. | Notched
.169 58 257 | 103-10 | Const. Ampl, Structr, Comp.
.150-.200 | 170 | 15 86 | 106-107 | Spectrum Structr, Comp,
JA74 5 17 | 106-107 | Const. Ampl. Full-Scale
186 99 457 | 105-10% | Const. Ampl. Structr., Comp,
187 | 10| 104 | 105-108% | Spectrum Full-Scale
A9 | 13 56 | 10%-107 | Spectrum Full-Scale
196 26 178 | 106-107 | Spectrum Notched
Total | .175 | 375 {2,103
.228 12 42 | 10%=10° | Spectrum Full-Scale
.235 | 30 | 135 | 10*-105 | Const. #ipl, Full-Scale
237 | 3 92 | 105-105 | Const. Ampl, Full-Scale
238 59 268 | 10*-10% | Const. Ampl. Notched
«£00-,300 .253 7 30 | 102-102 | Const. Ampl, Unnotched
275 | 33 | 335 | 105-707 | Spectrum Unnotched
.276 5 19 | 103.10% | Spectrum Unnotched
| ,298 | 24 | 102 | 103-10* | Const, Awpl., | Full-Scale
Total .263 | 221 {1,181
» 39 9 32 | 102-103 | Const. Ampl. Full=-Scale
.390 5 24 | »u7 Spectrim: Notched
.472 33 178 | 103-10% | Const. Ampl. Notched
«300-.758 | 504 | 9| 74 | »]07 | Spectrum Unnotchad
.590 18 114 | 105707 | Const. Ampl. Notched
0664 ]7 73 ‘oz'loa CDﬂSt. wl. stﬂlctl‘. cw.
«.678 12 95 >10 Const. Ampl, Notched
.750 5 43 | »07 Const. Ampl. | Unnotched
758 6 30 | 165107 | Const. Awpl. _Unnotched
Total .548 | 150 | 823 '
93
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PROBABILITY DISTRIBUYIONS OF CONSTANT AMPLITUDE LOADING
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PROBABILITY DISTRIBUTIONS OF SPECTRUM LOADING UNNOTCNED
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